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1. i           ABSTRACT 
A Spatio-Temporal Analysis of Landscape Change Within the Eastern Terai, India: 
Linking Grassland and Forest Loss to Changes in River Course and Land Use 
 
by 
 
Tanushree Biswas, Doctor of Philosophy 
Utah State University, 2010 
 
Major Professor: Dr. R Douglas Ramsey 
Department: Wildland Resources 
 
Land degradation is one of the most important drivers of landscape change around 
the globe. This dissertation examines land use-land cover change within a mosaic landscape 
in Eastern Terai, India, and shows evidence of anthropogenic factors contributing to 
landscape change. Land use and land cover change were examined within the Alipurduar 
Subdivision, a representative of the Eastern Terai landscape and the Jaldapara Wildlife 
Sanctuary, a protected area nested within Alipurduar through the use of multi-temporal 
satellite data over the past 28 years (1978 – 2006).  
This study establishes the potential of remote sensing technology to identify the 
drivers of landscape change; it provides an assessment of how regional drivers of landscape 
change influence the change within smaller local study extents and provides a methodology 
to map different types of grassland and monitor their loss within the region. 
 The Normalized Difference Vegetation Index (NDVI) and a Normalized Difference 
Dry Index (NDDI) were found instrumental in change detection and the classification of 
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different grasslands found inside the park based on their location, structure, and 
composition. Successful spectral segregation of different types of grasslands and their direct 
association with different grassland specialist species (e.g., hispid hare, hog deer, Bengal 
florican) clearly showed the potential of remote sensing technology to efficiently monitor 
these grasslands and assist in species conservation. 
 Temporal analysis provided evidence of the loss of dense forest and grasslands 
within both study areas with a considerably higher rate of loss outside the protected area 
than inside. Results show a decline of forest from 40% in 1978 to 25% in 2006 across 
Alipurduar. Future trends project forest cover and grassland within Alipurduar to reduce to 
15% and 5%, respectively. Within the Alipurduar, deforestation due to growth of tea 
industry was the primary driver of change. Flooding changed the landscape, but more 
intensely inside the wildlife preserve. Change of the river course inside Jaldapara during the 
flood of 1968 significantly altered the distribution of grassland inside the park. Unless, the 
direction of landscape change is altered, future trends predict growth of the tea industry 
within the region, increased forest loss, and homogenization of the landscape.    
          (247 pages) 
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PREFACE 
 Chapter 2, Integration of two spectral indices to monitor grassland loss within 
Jaldapara Wildlife Sanctuary, India, and Chapter 3, Mapping historic land cover and land use 
from multitemporal remote sensing imagery in the Eastern Terai, India, will be submitted to 
International Journal of Remote Sensing. Chapter 4, Landscape change within the Eastern Terai, 
India at two spatial extents – linking grassland loss, deforestation, agricultural expansion, tea 
industry and species conservation; and Chapter 6, Comparing landscape fragmentation 
within Eastern Terai, India between two spatial extents - Jaldapara and Alipurduar, will be 
submitted to Environmental Management. Chapter 5, A Simple Markov Chain analysis and 
temporal analysis of land cover transitions within Eastern Terai, India over a 28 year time 
period, will be submitted to Landscape Ecology. All the papers are co-authored by R. Douglas 
Ramsey, John A. Bissonette, and Jürgen Symanzik. Chapter 1 and Chapter 7 are thesis 
chapters formatted following Environmental Management style. 
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CHAPTER 1 
INTRODUCTION OF EASTERN TERAI AND THE STUDY OBJECTIVES 
Background and Justification 
 The Indian Terai (420,700 km2) also known as the Indo-Gangetic and Brahmaputra 
floodplain (Fig. 1), is a narrow stretch of tall moist alluvial grassland extending along the 
foothills of the Himalayas (Schaller 1967; Singh 1965; Spillete 1967; Lehmkuhl 1989). These 
grasslands provide unique habitat for many threatened and endemic species of the region 
including the Asian one-horned rhinoceros, hispid hare, pigmy hog, hog deer, swamp 
francolin, and Bengal florican (Spillette 1967; Bell and others 1990; Bell and Oliver 1992; 
Rahamani 1996; Javed and others 1999; Biswas 2004; Maheshwaran 2006; Narayan and Deka 
2008), and hence is highly important for conservation. Inspite of its ecological significance, 
this region has had extensive land cover conversion (Rahman 1976; Kang 1982; Atwal and 
others 1984; Sharma 1991; Singh 1991; Brar 1999; Biswas and Mathur 2000, Biswas and others 
2002).  
In India, the introduction of the ‘Green Revolution’ in 1967 increased agricultural 
production nationwide, and has been identified as the single most significant socio-economic 
driver of land cover change (Singh 1991; Sharma 1991; Gadgil and Guha 1992). The success 
of the Green Revolution post-independence has led to rapid agricultural expansion (Singh 
1991; Shiva 1991) and loss of forest, natural grassland, and woodland nationwide. The Indian 
Terai, located along the fertile Gangetic and Brahmaputra floodplain has been affected by 
these conversions (Biswas and Mathur 2000). Although the introduction of the Wildlife 
Protection Act in 1972 increased the number of National Parks from 5 to 85 and wildlife 
sanctuaries from 126 to 448 (Nagendra and others 2006), it did not reduce land conversion 
within the highly fertile Terai (Singh 1991; Biswas and Mathur 2000; Biswas and others 2002). 
2 
Available anecdotal data from hunting reports and historical distribution of some of the 
grassland species endemic to this area (Schaller 1967; Singh 1965; Spillete 1967; Lehmkuhl 
1989; Bell and others 1990; Bell and Oliver 1992; Rahamani 1996; Javed and others 1999; 
Biswas and Mathur 2000; Biswas 2004; Narayan and Deka 2008) suggest the presence of large, 
unfragmented patches of forest and grasslands within the region. Over time, increased 
cultivation has transformed the landscape into a mosaic of forest, grassland, cropland, and 
human settlement. Regardless of the extensive loss of forest and grassland, and their 
importance as wildlife habitat, there are no documented studies that quantify landscape change 
within the Terai.  
Although the Indian Terai has received some attention because of the Terai Arc 
Landscape (TAL) plan (Johnsingh and others 2004), which sets forth a strategy for protection 
of biodiversity, conservation and research activities have been primarily focused within the 
Western Terai. The TAL plan, however, did not consider the mosaic nature of the landscape, 
the anthropogenic and natural disturbances operating within the region causing habitat 
changes, nor the need to mediate conservation across the mosaic nature of the landscape. 
During this study, we focused our attention on the Eastern Terai, which is subjected to similar 
ecological, political, social, anthropogenic, natural, and environmental pressures as the 
Western Terai. The Eastern Terai is less fragmented than Western Terai, with patches of 
forest and grassland along the foothills of the Eastern Himalaya from North Bengal to 
Arunachal Pradesh in the East (Fig. 1.1) and with sizeable populations of many of the 
grassland species endemic to the region (Biswas and others 2002). The Eastern Terai, 
popularly known as the Brahmaputra floodplain includes the bio-geographic zones - lower 
Gangetic floodplain (7b) and Brahmaputra valley (9b) (Rodgers and others 2000) (Fig. 1.1).  
3 
Due to their geographic location, the natural grasslands within the Eastern Terai are 
subjected to annual monsoonal flooding and most of the rivers within the region are prone to 
changes in their course. Natural flooding from annual monsoons vary in frequency and 
magnitude (Magilligan 1992; Bayley 1995). Other studies have indicated an alteration of 
flooding regime (area and duration of inundation) with the alteration of river courses at 
specific locations (Miller and others 1995). This alteration influences forest and grassland 
persistence, distribution, and successional patterns (Blasco and others 1992; Walsh and 
Townsend 1995; Michener and Houhoulis 1997; Temimi and others 2005). In addition to 
flooding, the Eastern Terai is subjected to extensive land cover change (LCC) due to altered 
land use through local (fire, grass collection, grazing) (Lehmkhul 1989, Biswas 1999, Peet and 
others 1999; Biswas and Mathur 2000) and regional (deforestation, village encroachment and 
agricultural conversion) anthropogenic disturbances (Singh 1991; Biswas and Mathur 2000; 
Biswas and others 2002). These disturbances further contribute towards the loss of native 
grasslands.  
Natural and anthropogenic disturbances are spatio-temporal processes affecting 
landscapes at various spatial scales (Antrop 1998; Gray 1999; Lambin and others 2001; 
Matthias and others 2004). These disturbances can alter vegetation communities resulting in 
changes in land cover, fragmentation, and loss of wildlife habitat (Euskirchen 2001; 
Southworth and others 2002; Nagendra and others 2004). Land cover refers to the physical 
characteristics of earth’s surface, captured in the distribution of vegetation, water, soil and 
other physical features of the land. Land use refers to the way in which land has been used by 
humans, particularly for economic activities or created solely for human activities e.g., 
settlements.  Land use is the employment of management strategies on land-cover types by 
humans. Land use change has been one of the most important drivers of land cover change in 
4 
the tropics (McGuffie and others 1995; Geist and Lambin 2002) and India is no exception 
(Gadgil and Guha 1992).  
If anthropogenic disturbance has contributed to the loss of natural forests and 
grasslands within the Eastern Terai, then a systematic directional loss of natural land cover 
with increasing anthropogenic cover within the region over time is expected. Likewise, if flood 
frequency and duration influences the spatial distribution of plant communities within a 
floodplain (Bayley 1995; Miller and others 1995) an alteration in the flooding regime is likely 
to change the distribution of vegetation within that floodplain. This would lead to a directional 
conversion of moist grassland patches to savanna, woodland, and forest as flood frequency 
and duration decreases (Blasco and others 1992; Walsh and Townsend 1995; Michener and 
Houhiulis 1997; Temimi and others 2005), and presumably the reciprocal direction as flooding 
increases in a given area. Given the ecological importance of these grasslands, it is crucial to 
quantify the rate, pattern and direction of loss due to these disturbances (natural and 
anthropogenic) in order to develop effective management and conservation strategies.  
To meet this overall objective, the influence of flooding and LCC on the spatial 
distribution and of these natural and human made systems was examined within the Eastern 
Terai over a 28-year period (1978-2006) using multi-temporal satellite data. Change detection 
studies using remotely sensed satellite data have tended to focus on forest ecosystems (Aldrich 
1975; Hall and others 1991; Jha and others 2000; Lupo and others 2001, Erika and others 
2005; Nagendra and others 2006, 2009). The present study however provides the opportunity 
to explore the potential of using remote sensing technology to monitor changes within a 
grassland ecosystem.  
Currently, most of the remaining native grasslands distributed across the Eastern Terai 
are located within protected areas (PA) that are predominantly subject to natural disturbance 
5 
through flooding and the local disturbances. Grasslands outside PA may be influenced by 
flooding, but they are also subject to anthropogenic land use change. Hence, it is important to 
quantify these disturbances both inside and outside protected areas in order to properly 
determine future conditions. Therefore, this study was conducted simultaneously inside a 
specific PA, the Jaldapara Wildlife Sanctuary (Jaldapara) which is surrounded by the Alipurduar 
subdivision (Alipurduar (Fig. 1.1).  The influence of flooding on native grasslands was examined 
exclusively along the Torsa floodplain, inside Jaldapara. The Torsa River a tributary to the 
Brahmaputra and the main river flowing through the sanctuary underwent a significant change 
in its course in 1968 (Pandit and Yadav 1996). This provided the opportunity to evaluate the 
consequence of flooding within the region. The influence of LCC was examined within a 
larger spatial extent inclusive of the PA, within Alipurduar. The following section provides an 
overview of the overall goal and objectives of this study. 
Objectives  
1. Determine if altered flooding pattern (change of river course) inside the protected area 
influenced the variation in vegetation community and land cover types from remote 
sensing and field data. 
2. Map current land cover types within Alipurduar and Jaldapara 
3. Retroactively classify land cover from historic TM imagery to the same level of 
thematic detail as objective 2 within Alipurduar to determine the trends and patterns 
of land cover change (LCC) and examine if: 
(a) Grassland loss (vulnerability) differed between Jaldapara and 
Alipurduar  
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(b) The loss of grassland outside protected area is dependent on land use 
change (anthropogenic disturbance). 
(c) The loss of grassland inside the protected area is dependent on natural 
succession and alteration of natural flooding regime (river course) 
(d) Determine the direction of land cover transition and project future 
distribution of grassland and LCC inside and outside the protected 
area.  
4. Determine if the pattern and trend of fragmentation differed by land cover type and 
location. 
Dissertation Outline 
 This dissertation is partitioned into 6 additional chapters which address specific 
objectives of this study.  These objectives include the development of monitoring protocols 
utilizing temporally distributed remotely sensed imagery, an analysis of the influence of natural 
and anthropogenic disturbance on landscape change within the Eastern Terai, and an analysis 
of temporal landcover dynamics and landscape fragmentation within the protected area. 
Subsequent chapter titles are: 
Chapter 2. Integration of Two Spectral Indices to Monitor Grassland Loss within the 
Jaldapara Wildlife Sanctuary, India. 
Chapter 3. Mapping Historic Land Cover and Land Use from Multi-Temporal Remote 
Sensing Imagery in The Eastern Terai, India. 
Chapter 4. Landscape Change within The Eastern Terai, India At Two Spatial Extents – 
Linking Grassland Loss, Deforestation, Agricultural Expansion, Tea Industry 
And Species Conservation. 
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Chapter 5. A Simple Markov Chain Analysis and Temporal Analysis of Land Cover 
Transitions within Eastern Terai, India Over a 28 Year Time Period. 
Chapter 6. Comparing Landscape Fragmentation Within Eastern Terai, India Between Two 
Spatial Extents - Jaldapara And Alipurduar. 
Chapter 7. Lessons Learned From the Past within Eastern Terai, India. 
 Chapter 2 addresses objective 1; Chapter 3 address the methods used to prepare the 
data to address objective 2, 3, 4 and 5; Chapter 4 examines the rate of landscape change within 
Jaldapara and Alipurduar; discusses its consequences and addresses objective 3; Chapter 5 
examines the direction of land cover transition, identifies the potential drivers of change 
within both the study extents and addresses objective 4. It also projects the distribution of 
land cover types within both the extents in future and discusses possible land management 
strategies within the region to facilitate grassland restoration and retain the heterogeneity of 
the landscape. Chapter 6 addresses objective 5, comparing the spatial nature of fragmentation 
between the spatial extents and by the prominent land cover types.  
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CHAPTER 2 
INTEGRATION OF TWO SPECTRAL INDICES TO MONITOR GRASSLAND 
LOSS WITHIN THE JALDAPARA WILDLIFE SANCTUARY, INDIA1 
Abstract 
 A study was conducted within the Jaldapara Wildlife Sanctuary, India to examine the 
influence of altered flooding regime on grassland distribution and vegetation composition. 
The sanctuary is located along the Torsa floodplain, within northern West Bengal, India. The 
Torsa River inside the sanctuary changed its course from west to east during the flood of 
1968. The grasslands found inside the sanctuary are located along the river are a 
representative of the tall moist alluvial grassland, found within the Eastern Terai. These 
grasslands are subjected to frequent disturbance from flooding, grazing, and fire. Grasslands 
located within the Torsa floodplain inside the Jaldapara Wildlife Sanctuary provide unique 
habitat for many threatened and endemic species including the Asiatic great one-horned 
rhino, hog deer, and hispid hare to name a few.  This study explores the potential of using 
remote sensing data to monitor the effect of altered river course on the distribution of 
grasslands and to identify an efficient method to spectrally monitor grassland loss within the 
park. 
Spectrally normalized multi-temporal (1978, 1990, 2001, 2005) Landsat (MSS, TM, 
ETM) and ASTER data were used to compare changes in grassland distribution between the 
current and historic floodplain. A combination of the Normalized Difference Vegetation 
Index (NDVI) and a Normalized Difference Dry Index (NDDI) proved very useful in 
                                                
1coauthored by Tanushree Biswas, R. Douglas Ramsey, John A. Bissonette and Jürgen Symanzik 
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identifying and monitoring grasslands. Given the absence of historic ground data, spectral 
indices derived from historical satellite imagery provided interesting insights on the historical 
distribution of grasslands within the study area. Here we describe the method used to 
develop and apply these spectral indices to map grasslands within the Jaldapara Wildlife 
Sanctuary.  
1. Introduction 
 The Torsa floodplain is representative of the Terai grasslands that occur as a narrow 
stretch along the foothills of the Himalayas covering over 420,700km2 (Singh 1965, Schaller 
1967, Spillete 1967, Lehmkuhl 1989) (figure 2.1). These grasslands provide unique habitat for 
many threatened and endemic species including the Asian one-horned rhino, hog deer, 
hispid hare, pigmy hog, swamp francolin, and Bengal florican (Spillette 1967, Bell et al. 1990, 
Bell and Oliver 1992, Rahamani 1996, Javed et al. 1999, Biswas and Mathur 2000, Biswas 
2004). These authors have strongly advocated the protection of grasslands to sustain these 
species. However, to date, there has not been a study to evaluate or monitor the change and 
possible loss of grasslands in this region. This study explores the use of satellite imagery to 
map and monitor these grasslands.  
 The grasslands within the Terai region are mostly surrounded by forest and hence 
are protected due to their location inside a larger national park or sanctuary. Despite their 
protection, the Terai grasslands are subjected to natural disturbance from annual monsoonal 
flooding due to their geographic location. Natural flooding from annual monsoons vary in 
frequency and magnitude (Magilligan 1992, Bayley 1995). Studies have shown that an 
alteration of the flooding regime alters plant communities and vegetation succession (Blasco 
et al. 1992, Walsh and Townsend 1995, Temimi et al. 2005). Most of the rivers within the 
region are prone to changes in their course therefore altering the flooding regime at specific 
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locations (Miller et al. 1995) and in turn influencing grassland persistence. Fire, grazing, and 
harvesting are the additional disturbances operating on these grasslands due to 
anthropogenic use (Lehmkhul 1989, Peet et al. 1999b, Karki et al. 2000, Biswas et al. 2002, 
Biswas and Mathur 2003). Given the ecological importance of these grasslands, it is crucial 
to determine efficient methods to monitor these grasslands from these disturbances.  
 The Torsa River flowing through Jaldapara Wildlife Sanctuary under went a change 
in its course during the floods of 1968. This paper focuses on evaluating the consequence of 
altered flooding regime due to change in river course on grassland and vegetation inside the 
park. In addition to examining the consequence of flooding on these grasslands this study 
also focused on developing improved methods to spectrally map different types of 
grasslands found inside the park. Success of grassland mapping has always been challenging 
in remote sensing studies given its low cover compared to forest and woodland. We consider 
that improved mapping of different types of grasslands found inside the park will assist in 
improved understanding of the consequences of flooding on these grasslands and its 
associated unique fauna; assist in developing efficient restoration and management strategies.  
To address this objective we focused our analysis along the historic and current floodplain 
within the Jaldapara Wildlife Sanctuary to monitor the changes in vegetation due to altered 
river course and identify the different types of grasslands found along the floodplains using 
satellite imagery.  
2. Objectives and Hypothesis  
 We hypothesize that an alteration of the river channel and subsequent flooding along 
the new river course will alter the vegetation along the new and historic course. Extensive 
flooding along the new course will promote moist, tall grasslands as opposed to woody 
vegetation that would invade the historic floodplain in the absence of flooding. 
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We foresee the use of satellite data in differentiating the grasslands from other land 
cover types. Therefore, our first objective was to evaluate the applicability of satellite based 
remote sensing derived indices to monitor changes in broad land cover types (grassland, 
woodland, forest, river and riverbed) due to changes in the floodplain (Michener and 
Houhoulis 1997).    
Our second objective was to evaluate the utility of remote sensing based indices to 
map the different types of grasslands found within the PA in finer detail. Previous efforts 
inside the sanctuary were mostly directed towards mapping different types of forests 
(Sudhaker et al. 1996, 1999). The premise for this objective was that different types of 
grasslands are necessary for the habitat needs of different wildlife species found within the 
study area. Due to a significant difference in the structure, composition, and ground cover 
between these grasslands, we expected success in spectrally separating these grasslands from 
each other.  
3. Study Area  
 This study was conducted within the Jaldapara Wildlife Sanctuary (Jaldapara, 216.51 
km2) located between 25058’ N and 27045’ N latitude and 89005’ E and 89055’E longitude, 
along the Torsa floodplain (figure 2.1). Jaldapara is a mosaic of grassland, woodland, and 
forest with high faunal diversity and it is a representative of the protected areas found within 
the Indo-Gangetic and Brahmaputra floodplain. The sanctuary contains the largest tract of 
tall moist alluvial grassland within the region and provides refuge to many grassland 
specialist species. 
 The grasslands found within the park are low alluvium savanna woodland and 
eastern alluvial grassland as defined by Champion and Seth (1968). These grasslands are in 
various seral stages of natural succession and tend to be replaced by forest as the climax 
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vegetation type (Pandit and Yadav 1996). The forest inside the sanctuary has a mixed 
composition of Shorea robusta (Sal), Schima, Chukrassa, and Amoora species with Sal as the 
dominant tree species. The forest along the river course consists mostly of Acacia catechu 
(Khair) associated with species of Dalbergia sissoo (Sissoo), Bombax ceiba (Simul), Albizzia 
procera (Siris), Lagerstomia, Albizzia, Gmelina, Salmilia, and Wrightia, (Sudhakar et al. 1999, 
Biswas 1999, Biswas and Mathur 2003). These riverine forests when associated with tall 
grasses are called the woodlands. The major habitat types of the sanctuary include dry mixed 
forest, wet mixed forest, mixed Sal, grasslands, grassland with Khair-Sissoo succession, 
grasslands with Simul-Siris succession, bamboo brakes, plantations, sandy riverbeds, and 
cane brakes in the existing swamps (Pandit and Yadav 1996). 
Dense tall grasslands and open short grasslands are the two prominent types of 
grasslands found along the historic channel (Biswas and Mathur 2003).  Tall grasslands in the 
historic channel are primarily dominated by Saccaharum narenga (Dhadda). The current 
channel is mostly composed of tall but open and short grasslands. Tall grasslands in the 
current channel are dominated by Saccaharum spontaneum (Kashia grass) that quickly form 
nearly pure stands along the exposed silt plains created by monsoonal floods. The shorter 
grasslands along both the current and historic channels are dominated by Imperata cylindrica 
(Thatch) and/or Cymbopogon jawarncusa (Lemon grass). Besides the above grasslands Jaldapara 
has the practice of raising artificial grasslands (Pandit and Yadav 1996) by planting mono-
cultures of Saccaharum arundecium (Dhadda), a fodder species for rhino. These plantations are 
raised in patches throughout the park, irrespective of the history of the soil or past 
vegetation to increase rhino habitat, the tall grasslands that are shrinking inside the park. A 
detailed description of the grassland communities within the park is available in Biswas and 
Mathur (2003).  
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 Annual rainfall exceeds 2000mm and the soil types within the sanctuary are alluvial 
with coarse gravel near the hilly northwest fringes and sandy clay to loam in the southern 
part of the park.  The topography is mainly flat except in the North West. The elevation 
varies from 150 to 600m above sea level. The Torsa is the main river flowing through the 
sanctuary (Sudhaker et al. 1996).  
 The Torsa River, a tributary to the Brahmaputra River flowing through Jaldapara 
underwent a significant change in its course in 1968 (Pandit and Yadav 1996). This provided 
an opportunity to examine the influence of an altered flooding regime (altered area and 
duration of inundation, flow, flooding intensity) on vegetation change between the current 
and historic channel.  
4. Methods 
4.1 Land Cover Types 
 Given the dearth of historic land cover data we have generalized the land cover 
classification into 5 discrete, but important types that can be easily mapped using historic 
remotely sensed imagery. These include grassland, woodland, forest, river (water), and 
riverbed. A specific goal of this paper was to also determine if we could identify and 
therefore model the spatial and temporal dynamics of grasslands, particularly those that are 
maintained by periodic flooding. Therefore, we formulated a finer level of stratification 
(table 2.1) based on the different types of grasslands and forests that occur in the study area.  
 Level I consists of the 5 general land cover types. Level II consists of woodland and 
grasslands. The grasslands were split into 3 categories based on their geographic location 
including riverine, non-riverine, and grazed village grasslands. While the grazed village 
grassland is more typically a land use rather than a land cover, the grasses that occur here are 
dominantly short grasses; and therefore have a distinct community and spectral character 
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(ESUNi * Cos (90 – Solar Elevation) *  /180) 
((  * (BVi * Gaini) + Biasi) * d
2) 
SRi  = 
when compared to the tall grass/short grass mixed types. At level III the grasslands were 
stratified based on their structure (tall, short, mosaic) and composition (dense and open) – short 
grassland, tall dense grassland, tall open riverine grassland, and mosaic grassland. Level III 
also separates forest into matured dense forest, young secondary forest, and degraded forest. 
So, we have 5 classes at level–I, 4 classes at level-II and 8 classes at level–III. 
4.2 Imagery 
 Moderate resolution multi-temporal satellite imageries (table 2.2) were used to 
examine the consequences of altered flooding regime on vegetation. Our image collection 
window concentrated between November and March that represent the drier winter months 
with minimum cloud cover. This temporal period improved our chances of locating cloud 
free imagery and more importantly reduced variability of surface moisture during a time 
when grasses and other vegetation had not yet senesced. Further, past research (Duggin and 
Robinove 1990) has emphasized the need to acquire near annual dates of imagery to reduce 
seasonal and temporal variability of land cover types for change detection studies. 
4.3 Image Cal ibrat ion   
 The imagery obtained for the study were already geometrically corrected but had not 
been calibrated to at-sensor reflectance or corrected for sensor and sun angle variability. The 
image specific COST (Cos-Theta) correction model developed by Chavez (1996) was used to 
correct and calibrate the imagery to at sensor reflectance (SR) in Erdas Imagine 9.1 using the 
formula:   
 
 
i.e.,  BVi = Brightness value for band i 
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 Gaini = Gain for band i 
 Biasi = Bias for band i 
 d = Earth/Sun distance in astronomical units for image acquisition date. 
 ESUNi = Solar irradiance for spectral band i  
  /180 = conversion of radians to degrees 
Solar Elevation is measured in degrees from the horizon 
Sensor specific bias and gains for each spectral band of Landsat Thematic Mapper (TM), 
Enhanced Thematic Mapper (ETM) and Multispectral Scanner (MSS) data (table 2.3) were 
obtained from the metadata to convert the pixel brightness values (BV) to percent 
reflectance. Post calibration all the imageries were re-sampled at 60m resolution. 
Unlike Landsat, Aster L1B data set contains radiometrically calibrated digital 
numbers (DNs) (watts per m2 /steradian/µm) or brightness value (BV) and is already 
calibrated to at-sensor radiance. These scaled DNs are converted to at sensor radiance using 
the Unit Conversion Coefficient (UCC) (table 2.3) in the following manner (ASTER product 
description EROS, Sioux): 
Radiance = (DN -1) * Unit Conversion Coefficient 
The COST model was therefore modified to convert the radiance in ASTER imagery to at 
sensor reflectance in the following manner (Yuksel et al. 2008) for each band (i): 
 
4.4 Spectral  Indices  
 Spectral indices best relate to above ground dense vegetation and have been 
extensively used for forest mapping (Aldrich 1975, Hall et al. 1991b, Jha et al. 2000, Lupo et 
al. 2001, Erika et al. 2005, Nagendra et al. 2006, Nagendra et al. 2009). During this study the 
well established Normalized Difference Vegetation Index (NDVI) (Rouse et al. 1974) and a 
((π *(DNi - 1) * UCCi) *d
2)                
)   (ESUNi * Cos (90 – Solar Elevation) * π/180) 
SR  =  
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Normalized Difference Dry Index (NDDI) developed during this study and was used to test 
our ability to spectrally differentiate grasslands (and its types) from other vegetation types.   
 NDVI is a vegetation index used to quantify spectral variation in vegetation cover. It 
is the ratio of the amounts of reflectance in the near infrared (NIR) and the red (R) portions 
of the electromagnetic spectrum (ranges 0.76 – 0.90 and 0. 63 – 0.69 µ m, respectively) 
calculated using the formula:  
NDVI = (NIR – R)/ (NIR+ R) 
NDVI values thus ranges from -1.0 to +1.0. Positive NDVI values (NIR > R) indicate 
green, vegetated surface, and higher values indicate increase in green vegetation and cover. 
Negative NDVI values indicate non-vegetated surfaces. For ease of analysis and 
interpretation NDVI values were rescaled to range between 0 – 200 by adding 1 to the raw 
output and multiplying by 100 (United States Geological Survey 2001). Non-vegetated 
surfaces take values from 0 to 100 and green, vegetated surfaces from 100 to 200. NDVI is a 
l inear index  of cover where, lower values mean low vegetation cover and higher values 
mean higher vegetation cover. Due to dense, photosynthetically active cover, forest and 
woodland are expected to have higher NDVI values when compared to grasslands. We also 
expected higher NDVI values along the historic channel due to extensive forest and 
woodland growth than in the current channel with more grassland patches.  
 The Normalized Difference Dry Index (NDDI) was derived by converting Rock et 
al. (1986) Moisture Stress Index (MSI = SWIR/NIR) by the following:  
NDDI = (SWIR – NIR)/ (SWIR+ NIR) 
It is the ratio of the amount of reflectance in the shortwave infrared (SWIR) and near 
infrared (NIR) portions of the electromagnetic spectrum (SWIR ranges between 1.55-1.75 
µm for TM and ETM data; 1.60 -1.70 µm for ASTER data). The NDDI index was obtained 
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only for TM, ETM and ASTER data and its value also ranged from -1.0 to +1.0. It was 
rescaled to 0–200 for ease of analysis and interpretation (United States Geological Survey 
2001). The NDDI is an inverse  index  of surface moisture. Higher values indicate drier 
surface and lower value indicate less dry or moister surface. Thus, as NDDI value increases 
the surface moisture decreases. This index is based on increased absorption of shortwave 
infrared energy by water or moist surfaces (vegetation) and reflectance of NIR by leaf tissue. 
The NDDI can capture the variability among different vegetation types most effectively 
during the post-monsoon season (Nov- Feb). Since vegetation (particularly grass) growth 
within this region coincides with the monsoonal cycle, we assume that the NDDI will get 
saturated during the monsoon season thus reducing the possibility of spectrally 
differentiating different vegetation types. However during the dry (post–monsoon and 
winter) season we expected NDDI to capture the differential drying of different vegetation 
types, vegetated and non-vegetated surfaces, and assist in their spectral separation. 
Therefore, it can be used to monitor variations within grasslands and separate them from 
other land cover types such as woodland, forest, and agricultural areas.  
 Grasslands are expected to have higher NDDI values (drier) when compared to 
forest or woodland types since they are more open and subjected to relatively faster loss of 
surface moisture.  Due to the highly variable nature of moisture, the NDDI was only used to 
compare the variation between the current and older channel and among different 
vegetation types within a given year rather than as an index to establish the temporal change 
of vegetation between years.  
4.5 Field Sampling 
 Prior to field sampling, the COST corrected ASTER 2005 image was gridded into 
1.5 km x 1.5 km sections. Since the focus of the study was grasslands, only the grids along 
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the current and historic channel were extracted for field sampling and vegetation mapping 
(figure 2.2(a)). A traditional unsupervised classification method (Jensen 2005) was used to 
generate 25 clusters based on their spectral similarity (figure 2.2(b)) using ERDAS Imagine 
9.1. Field data collection was carried out within these grids using a random sampling design 
inside the clusters to associate the spectral clusters with ground vegetation (figure 2.2(c)). A 
Thales Mobile Mapper GPS receiver was used to navigate to the clusters that met a specific 
size criterion (i.e., larger than 3 x 3 TM pixels or 0.8 ha) and sampled for various vegetation 
parameters. Potential field sites within sampled spectral clusters were separated by a 
minimum of 60m and were categorized into the three levels of stratifications and its classes 
(table 2.1) prior to additional vegetation sampling.  
 Based on previous field knowledge (Biswas 1999, Biswas et al. 2002, Biswas and 
Mathur 2003) some of the classes obtained through the unsupervised classification were 
merged to the land cover types at Level–I e.g., forest, river, riverbed, bare ground (figure 
2.2). This focused the sampling effort within the remaining clusters (5 -7, 9 -19) that could 
not be assigned to a single land cover or grassland type without additional field sampling. 
These clusters represented the different types of grasslands or other vegetation types found 
within the floodplain. 
In total, 1506 locations were surveyed within Jaldapara from November 2006 -March 
2007. Sampling within grassland and woodland was done within 5m radius circular plots, and 
forest within 10m circular plots. At each location within grassland and woodland, mean grass 
height, percent grass cover, mean non-grass height, mean non-grass cover, tree canopy 
cover, and the number of tree or woody species was recorded. Mean height of grass and 
non-grass species was calculated from 5 randomly located measurements inside each plot. 
Percent cover was quantified on an ordinal scale (0: 0%, 1: >0-20%, 2: >20-40%, 3: >40-
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60%, 4: >60–80%, 5: >80%). The 10m circular plots were sampled only for number of tree 
or woody species, and canopy cover.  
4.6 Analys is  
 Initially a temporal comparison of the NDVI and NDDI data layers between the 
current and historic channel was used to examine the overall trend of vegetation change 
from 1978 to 2005. This was followed by detailed examination of the spectral variation 
among different grasslands and vegetation types (Level I – III) from ASTER 2005 imagery 
and 436 ground locations sampled between October and December. NDVI and NDDI 
values were extracted from the ASTER imagery for the 436 location to establish the spectral 
nature of different land cover or vegetation types at each level. These locations were sampled 
during the same season the ASTER data was collected. 
 All spectral analysis and image processing was conducted using the spatial modeler in 
ERDAS Imagine 9.1 while the statistical analysis was conducted both in S-plus 2.1 and R. 
Assumptions of normality and homoscadisticity regression were met before using parametric 
(ANOVA and Simple Linear Regression) tests for different analysis. The normal QQ plot 
was used to graphically compare the distribution of a given variable to the normal 
distribution (represented by a straight line) and residual plots. Bartlett's test (Snedecor and 
Cochran 1989) and Welch (1951) One-way analysis of mean was used to test for 
homoscadisticity.  Rejection of null hypothesis for all the tests were set at p<0.05; R2 and 
exact p-values are reported from the significant regression analysis, F-statistic and exact p-
values are reported for ANOVA and ANCOVA. 
 One-way Analysis of Variance (ANOVA) was used to test for a significant difference 
in mean NDVI and mean NDDI among the classes within each level. Post hoc Tukeys HSD 
test was used to identify the grassland and land cover pairs that significantly differed from 
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each other. Analysis of covariance (ANCOVA) was used to detect significant differences in 
the slope and intercept in NDVI and NDDI between the classes. Simple linear regression 
was used to test for significant association between vegetation (cover, density and height) 
and the spectral indices. Field measurements were merged across life form to examine the 
association between the indices and vegetation cover (Tree Cover + Grass Cover + Weed 
Cover), vegetation height (Grass height + Weed Height) and vegetation density (Grass 
tussock density + Tree density) within each land cover type. This was used to identify the 
vegetation parameters that contributed to the maximum spectral variability within each land 
cover or grassland type.  
 After having established the relation between the spectral indices and land cover or 
grassland types, temporal analysis of NDVI and NDDI from 436 locations sampled within 
the historic floodplain was used to evaluate change in vegetation from 1978 to 2005. In 
situations where the state of the sampled location changed over time, their variation in 
NDVI and NDDI should correspond to the spectral values of the states observed in 2005. 
For example, if some of the current grassland locations were forest in the past, then those 
locations at that time period should have very high NDVI and low NDDI, indicative of 
forest.  
5. Results  
5.1 Temporal  analys is  o f  the spec tral  indices   
(NDVI and NDDI images)   
5.1.1 NDVI 
 Examination of the NDVI images from 1978 to 2005 (figure 2.3(a)) showed a 
gradual increase in NDVI within the study area, more specifically along the historic channel 
(west), suggesting an increase of vegetation cover. Mean NDVI extracted from the historic 
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and current floodplain (table 2.4(a)) supported the above observation. Higher NDVI values 
indicate denser vegetation and ground cover. Mean NDVI of the historic channel was higher 
than the current floodplain (table 2.4 (a)) and the pattern was consistent over time. High 
temporal variation was observed in Mean NDVI within both the floodplains, with a 
considerable increase along the historic channel (table 2.4 (a)). An increase in NDVI along 
the historic suggests increase of vegetation cover along the historic channel. Mean NDVI 
also increased within the current floodplain, but the gain was not as large and distinct as 
observed in the historical floodplain. Mean NDVI within both the floodplain decreased in 
2001, followed by an increase in 2005 resulting in high but inconsistent variation in NDVI 
within both the floodplains. 
5.1.2 NDDI 
 NDDI was computed only for ETM, TM and ASTER data due to the absence of a 
middle infrared spectral band in Landsat MSS. Surface moisture is extremely temporal and 
influenced by daily temperature and rainfall. Thus the NDDI index was used to compare 
overall wetness or dryness between the year, the spatial variation in wetness or dryness 
between the current and historic channel, and the land cover types within a given year.  
Overall mean NDDI from the entire study area indicates 2001 to be the wettest 
image (50.1 ± 20), followed by 1990 (73.9 ± 17) and 2005 (129.6 ± 18). The lower mean 
NDDI in 2001 meant a wet, high moisture condition in 2001 compared to 1990 and 2005. 
The pattern was consistent between the current and historic floodplain as well (table 2.4(b)). 
Figure 2.3(b) shows the visible difference in surface moisture between the current and 
historic river course for each sampled year. Temporal variation in NDDI was evidently 
higher along the historic channel than the current channel (figure 2.3(b)) as supported by 
their means (table 2.4(b)). The current floodplain had higher NDDI values (indicating a 
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relatively drier environment) than the historic channel for all the sampled years. This is 
apparently due to sparse vegetation along the current floodplain as supported by the mean 
NDVI values (table 2.4(a)) for the current vs. historic floodplain.  
 NDDI increased along both the channels with a dip in 2001, indicating that the 
historic channel became drier from 1990 to 2005. The dip in 2001 is due to high moisture 
and wettest surface condition in 2001. We cannot conclude much about the temporal 
patterns based on three points in time. However between the channels, mean NDDI was 
consistently lower (moist) in the historical channel (see table 2.4(b)). A lower NDDI meant 
increased retention of moisture at the surface, indicating presence of vegetation. Consistent 
decrease of NDDI along the historic channel suggest consistent increase of more densely 
vegetated moisture retaining pixels (woodland, forest) within the historic floodplain. Further 
supported by a higher average NDVI (table 2.4(a)), increased vegetation along the historic 
channel. These results confirmed the change vegetation along the historic channel since the 
change of river course and showed the potential of NDVI and NDDI in providing a 
qualitative and rapid assessment of vegetation change post flooding within the sanctuary. 
5.2 Establ ishing the  spec tral  var iabi l i ty  among  
the c lasses  at  each l eve l    
  
 We confirmed the spectral variability between grasslands, woodland, and forest by 
comparing NDVI and NDDI values extracted from the 2005 ASTER image with 436 
ground locations sampled between October and December of 2006. These sites 
corresponded to the land cover (Level –I) and grassland types (Level – II, III) stratified 
within the study area.  
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5.2.1 Level – I 
 This comparison suggests a significant spectral difference between the broad land 
cover types (One way Anova and Post Hoc Anova Tukey HSD at Level– I, see table 2.5(a)).  
Figure 2.4(a) shows the variation in cover (Mean NDVI) and moisture (Mean NDDI) 
between the broad land cover types within Jadapara Mean NDVI was highest in forest 
followed by woodland and grassland. Mean NDDI was lowest (more moisture) in forest 
types and higher in grassland and woodland types respectively. The lack of vegetation cover 
in grassland relative to woodland and forest (figure 2.5(a)) resulted in the lowest NDVI and 
highest NDDI. 
 Field locations within grasslands varied significantly both in NDVI and NDDI (One 
way Anova, F NDVI = 16.14, df = 1, p =0.000; F NDDI =10.32, df = 1, p =0.001, n=275);  
Woodland varied significantly only in NDDI (F NDVI = 0.27, df = 1, p =0.601; F NDDI =4.85, 
df = 1, p =0.03, n=40). Results of the ANCOVA (between NDVI and NDDI) showed a 
significant variation in the slope and intercept among the land cover types (ANCOVA F 
=9.56, p=0.000, df = 4, n =436) (figure 2.6(a)), particularly with grassland. Locations with 
higher NDVI had lower NDDI and the trend was consistent for all land cover types.  
5.2.2 Level – II 
 This analysis across woodland and different grasslands (riverine, non-riverine and village) 
indicated a significant spectral difference between non-riverine and riverine grassland, these 
grasslands and woodland (One way Anova and Post Hoc Anova Tukey HSD at Level–II, see 
Table 2.5(b)). Figure 2.4(b) shows the variation in cover (NDVI) and surface moisture 
(NDDI) between the grasslands and woodland. Mean NDVI and NDDI differed 
significantly between non-riverine (100) and riverine (105) grasslands (post hoc ANOVA 
Tukey HSD, table 2.5(b), figure 2.4(b)) with lower NDVI and higher NDDI due to lower 
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vegetation cover (figure 2.5(b)) within the riverine grassland. Non-riverine grassland and 
village grassland had similar NDVI, but differed significantly along the moisture gradient 
(NDDI). Lower vegetation height and density (figure 2.5(b)) led to higher NDDI (drier 
surface) within the village grasslands. Woodland had significantly higher NDVI than all 
grasslands and lower NDDI compared to village grassland. Higher vegetation cover, density 
and height in woodland compared to the grasslands; higher cover and height, in non-riverine 
and river grasslands as opposed to village grassland (figure 2.5(b)) explained the observed 
trends. 
 Locations within riverine grasslands varied significantly in NDVI and NDDI (One 
way Anova, F NDVI = 31.9, df = 1, p =0.00; F NDDI =46.3, df = 1, p =0.00, n=131); Village 
grasslands varied significantly only in NDDI (F NDDI =4.85, df = 1, p =0.04, n=17) while the 
variation in non-riverine grasslands was not significant. Results of ANCOVA (figure 2.6(b)) 
showed a distinct variation in the slopes between non-riverine, riverine and village grassland 
with some overlap between woodland and village grasslands (ANCOVA F = 7.71, p=0.000, 
df =6, n=436). Riverine grasslands had higher NDDI and lower NDVI than non-riverine or 
village grasslands.  
5.2.3 Level–III 
 This analysis confirmed a significant difference in mean NDVI and NDDI among 
the grasslands based on structure and composition, and forest types (figure 2.4(c)) (One way 
Anova at Level–III see table 2.5(c)). Among grasslands, moist riverine grassland had lowest 
NDVI and highest NDDI; tall dense grassland had highest NDVI and lowest NDDI (figure 
2.4(c)). Mosaic grassland had lower NDVI and higher NDDI than the tall dense grasslands 
(figure 2.4(c)). Woodland and tall dense grassland had similar NDVI but differed along the 
moisture gradient, with higher NDDI in woodland (figure 2.4(c)). Likewise, woodland had 
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similar NDDI but higher NDVI compared to mosaic grassland (figure 2.4(c)). Degraded 
forest had lower NDVI and higher NDDI than dense forest; Woodland had higher NDDI 
and lower NDVI compared to dense and degraded forest (figure 2.4(c)). 
 Post hoc comparison of means at 95% confidence level using Tukey HSD test (table 
2.5 (c)) showed that moist riverine grassland had significantly higher NDDI and lower NDVI 
than either the short or tall grasslands. Short grasslands differed from the tall grasslands only 
along the moisture gradient, with significantly higher mean NDDI (drier surface). The tall 
grasslands (dense and mosaic) differed from each other more intensely along the moisture 
gradient as compared to the cover gradient (table 2.5(c)). Significant variation was observed 
between woodland and degraded or dense forest; dense and degraded forest along the 
moisture and cover gradient (table 2.5(c)). Despite the structural and compositional 
differences between short grassland and woodland (figure 2.5(c), they differed only by the 
cover gradient, with significantly lower NDVI in short grassland (table 2.5 (c), figure 2.4(c)). 
 Only the locations within mosaic grassland differed significantly both in NDVI and 
NDDI (One way Anova, F NDVI = 3.64, df = 1, p =0.03; F NDDI =3.46, df = 1, p =0.03, n=108); 
Degraded forest varied significantly only along the moisture gradient, NDDI (One way Anova, 
F NDDI= 2.73, df = 1, p =0.03). Results of ANCOVA (figure 2.6(c)) showed a distinct 
variation in the slopes between the different grasslands; between grasslands and woodland; 
primary and degraded or secondary forest (ANCOVA F = 5.8, p=0.000, df =10, n=436). 
Tall dense grassland and dense forest had similar slopes. Locations within degraded forest 
had higher NDVI and lowest NDDI; short and tall grasslands also had higher NDVI and 
lower NDDI; tall moist riverine grasslands had lower NDVI and higher NDDI. Unlike 
level–I or II, where either of the indices successfully isolated the grasslands, the spectral 
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segregation among the grasslands at level – III was only possibly when both the indices 
where used together. 
5.3 Assoc iat ion between spec tral  indices   
and vegetat ion parameters  
 The spectral association of NDVI and NDDI with vegetation was confirmed by 
regressing the vegetation parameters (cover, height, and density) to these indices (table 2.6 
and 2.7). Vegetation parameters were positively related to greenness (NDVI) and inversely to 
the Dry (NDDI) index. Higher NDVI indicated more vegetation cover and higher NDDI 
indicated less vegetation cover, indicating a drier surface. Between the two, the greenness 
index (NDVI) was a stronger (47.8%, table 2.6) predictor than the dryness or moisture 
(NDDI) (19%, table 2.6) index. Among the three measurements (cover, height, and density) 
the spectral indices explained more variability in vegetation cover (R2 NDVI = 0.423, R
2 NDDI= 
0.1089, table 2.7(a)) than vegetation density or vegetation height.  
5.3.1 Level–I 
 Within the grasslands, the combined spectral indices explained the highest variability 
in vegetation cover (19.5%) and lowest in vegetation density (9.5%). For individual indices 
vegetation height contributed to maximum variability in NDDI (15.8%); vegetation cover 
addressed the highest variability in NDVI (19.3%). The NDDI index captured the variability 
in woodland vegetation height (12%). Vegetation density in forest accounted for 20.5% of 
the variability in NDDI, but only 9.9% of the variability of NDVI (table 2.7(b)).  
5.3.2 Level–II 
 Among the different types of grasslands, the strongest (29%-35%, table 2.7(c)) 
association was observed between the combined spectral indices and the vegetation 
parameters (cover, height and density) for riverine grassland. Vegetation density explained 
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the maximum (35.2%) variability, followed by vegetation height (30%) and cover (29.1%). 
All associations were significant. Within non-riverine and village grassland, a significant, but 
very weak association was observed between the indices and vegetation height for village 
grassland; and similarly weak for vegetation height and cover in non-riverine grassland (table 
2.7(c)).Between NDVI and NDDI, only riverine grassland showed relatively strong 
relationships when cover, height, and density were considered.  
5.3.3 Level – III 
 A significant and relatively strong association was observed between the combined 
spectral indices and vegetation parameters at all Level III classes with the exception of 
mosaic grassland, where % cover only accounted for 4.9% of the variation of the combined 
NDVI and NDDI (table 2.7(d)). The Dry index (NDDI) was a stronger predictor of 
vegetation in degraded forest and dense forest; greenness index (NDVI) was a stronger 
predictor within moist riverine grassland and Mosaic Grasslands. 
5.4 Temporal  var iat ion in vegetat ion and  
grass land loss  within the his tor i c  f loodplain  
across  the sampled locat ion (Leve l  I  and II)   
 The above results established the distinct spectral signature among the grasslands 
and lands cover types within Jaldapara. The 436 locations used in the above analysis were 
located within the historic floodplain. A temporal analysis of spectral variation among the 
classes at level I and II, across these 436 locations were used to examine the alteration in 
vegetation within the historic floodplain.  
5.4.1 NDVI 
 Temporal comparison of mean NDVI among the Level I and II land cover types 
showed an overall increase in mean NDVI from 1978 to 2005, with a more rapid increase 
between 1978 to 1990, followed by a gradual decline from 1990 to 2005 (figure 2.7(a)). The 
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variation in NDVI was significant for all the sampled years (one way ANOVA Level -I, F 
NDVI (1978) = 5.8, p = 0.00; F NDVI (1990) = 13.2, p=0.00; F NDVI (2001) = 39.5, p=0.00; Level -II, F 
NDVI (1978) = 23.4, p = 0.00; F NDVI (1990) = 22.3, p=0.00; F NDVI (2001) = 104.9, p=0.00). Mean 
NDVI of forest was observed to be systematically highest across all time periods followed by 
woodland; grassland, river, and riverbed (figure 2.7(a)). In 1978, the variation in NDVI was 
significant only between grassland and forest (Tukey HSD) at Level I. It is difficult to say if 
the forest locations sampled in 2005, were also forest in 1978. Given their low NDVI and 
our results from spectral signature of each land cover class (above section) suggests that these 
locations might have been grassland or riverbed in 1978. Current locations found in river 
(2005) had higher NDVI in the past (1990, 2001), indicating that some of the current river 
locations were grassland, woodland or forest in the past. Higher NDVI of riverbed locations 
in 1990 also provides additional evidence towards some of the current riverbed being 
grassland in the past. The temporal variation in NDVI among these locations at level-I 
provided evidence towards change of vegetation within the historic floodplain. 
 Likewise at level-II, riverine grassland was significantly different from non-riverine 
grassland, woodland, and village grassland (Tukey HSD). Mean NDVI of riverine grasslands 
was significantly lower than non-riverine grasslands for all years. Increase of mean NDVI 
along the sampled location within the historic channel indicates replacement of vegetation 
with low cover (e.g., grassland) to vegetation with denser cover (e.g., woodland, forest). Lack 
of spectral separability between grassland and woodland in 1978; lower NDVI along the 
current channel (refer figure 2.3, table 2.4) indicates those locations to belong to land cover 
classes with low cover, i.e., grassland. Increase of NDVI along the historic channel (refer 
figure 2.3, table 2.4) and the sampled location (refer figure 2.7(a)) indicate their conversion to 
woodland or forest, confirming grassland loss. 
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5.4.2 NDDI 
 Temporal variation in NDDI among the land cover types was significant for all the 
sampled years (One way ANOVA Level-I, F NDDI (1990) = 21.3, p=0.00; F NDDI (2001) = 22.4, 
p=0.00; Level–II: F NDDI (1990) = 2.78, p=0.04; F NDDI (2001) = 28.4, p=0.00). The variation was 
consistent with the results in 2005. Mean NDDI of grassland and riverbed were higher than 
forest and woodland for both the years (figure 2.7(b)). Variation between woodland and 
forest, and grassland and forest remained significant for 2001 and 1990 (Tukey HSD). At 
Level–II, mean NDDI differed significantly between riverine and non-riverine grassland, 
riverine and village grassland for 2001, riverine and woodland for 1990 and 2001 (Tukey 
HSD). Mean NDDI within riverine grassland was higher than non-riverine grassland and the 
pattern was consistent from 1990 to 2005. This suggests the presence of more moisture 
retaining vegetation (grassland, woodland and forest) along the historic channel. Based on 
these results an increase in NDVI or decrease in NDDI (figure 2.7) can be justifiably 
attributed to increased ground cover due to woodland or forest succession. These results are 
in-line with the spatio-temporal trend evident in the NDVI and NDDI image within the 
entire study area, and more specifically along the historic floodplain (refer figure 2.3).  
6. Discussion  
 The primary goal of this study was to develop indices to spectrally separate the 
grasslands from woodland and forest. Given the importance of these grasslands due to their 
unique faunal composition, the extensive loss of these grasslands due to various 
anthropogenic (e.g. agricultural conversion and village encroachment, fire, grass harvesting, 
grazing, and deforestation) and natural disturbances (e.g. flood) calls for focused attention 
towards their monitoring and management. Though this study was conducted only within 
Jaldapara, these disturbances are common to most of the grasslands within the Eastern 
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Terai. Unlike Jaldapara, there are incidences of frequent fire in many of the other grasslands 
within the region. Both fire and flooding drive vegetation change by altering ground cover. 
NDVI and NDDI can be used to capture this variability. 
 Our study established the success of NDVI and NDDI in monitoring the change in 
vegetation and grassland distribution due to change in river course. Alteration of river course 
is prominent out come of flooding within the region. Unlike the grasslands of Great Plains, 
the Terai grasslands are very dynamic due to regular flooding rending their easy monitoring. 
Despite the focus of this study on grasslands and extensive sampling (n = 275), the overall 
strength of association between the indices and vegetation parameters of % cover, height, 
and density ranged only between 9.3% - 32.1% (R2 value). The significant but low strength 
of the association between the spectral indices and grassland vegetation parameters confirms 
the overall spectral predictability of grasslands (or its types) to be relatively lower and 
challenging than woodland or forest.  
 Given this challenge we consider our ability to successfully separate the different 
types of grasslands found inside Jaldapara to be path breaking. The spectral indices 
successfully separated the grasslands based on structure and composition, especially when 
used together. Among all the quantified field measurements, vegetation cover and height 
most efficiently isolated the riverine grassland from the non-riverine drier older grassland. 
The overall strength of the association improved when both indices were used together 
rather than independently. We consider that the inverse relationship between cover and 
moisture gradient as grasses senescence facilitated their spectral separation, when the indices 
were used simultaneously. 
 To confirm this further the NDVI and NDDI data layers were classified into 25 
clusters using the unsupervised Isodata clustering method (Jensen 2005) to test if these 
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clusters easily associated with certain land cover or grassland types. The distribution of 436 
sampled location within the 25 clusters was used to merge the clusters into classes within 
Level–I, II and III. The current analysis was conducted including the river and riverbed 
locations within level-II and III. An additional 808 locations were used to test for the 
accuracy of classification at each level. The initial 25 clusters produced from the Isodata 
clustering method aligned inversely along the cover and moisture gradients (figure 2.8). 
Overall accuracy of the maps were tested using the kappa statistics (Foody 2002). Accuracy 
of the maps decreased from Level–I (60%) to Level–III (48%) as the number of classes 
increased. Use of sophisticated classification methods, e.g., regression tree and random 
forest, needs to be explored to determine the full potential of finer grassland classification 
using these indices. 
At each level, identification of river, riverbed, and forest was quite straight forward. 
Merging of clusters to produce the grassland map at level–II (figure 2.8(b)) was most 
challenging, as village grassland did not correspond to a single cluster very distinctly. The 
Isodata analysis showed the potential of NDVI and NDDI indices in grassland mapping at 
structural and community levels. Successful isolation of the tall dense grasslands (Level-III) 
using this simple approach indicates a strong potential of its improvement and further 
application.  
 Despite the success with grassland mapping in the semi-arid region (Lauver et al. 
1993, Price et al. 2002, Marsett et al. 2006, Enquist and Gori 2008) the potential of remote 
sensing technology in mapping these moist grasslands has just been initiated. In a recent 
study in 2008 (Sarma et al. 2008) the authors successfully mapped alluvial and savanna 
grassland within Manas Tiger Reserve, a protected area within Eastern Terai, and conducted 
a change detection analysis. The success of grassland mapping and the significant correlation 
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between the indices and vegetation parameters (density, height, % cover) observed during 
this study opens the possibility of exploring remote sensing application to monitor changes 
in grassland distribution within entire Eastern Terai. Given the observed temporal variation 
in grassland distribution, these indices can provide a rapid assessment of the distribution of 
grassland after the monsoonal floods and therefore can be used for their regular monitoring. 
Simultaneous evaluation of NDDI and NDVI showed that the current riverbed and village 
grassland locations in the past had higher NDVI. It is difficult to say if higher NDVI and 
lower NDDI at currently sampled bare-village grassland and riverbed locations are due to 
presence of grassland, woodland or forest patches, but it confirmed altered vegetation at 
these locations. Thus NDVI and NDDI should be used together for future grassland 
mapping and monitoring within the study area. 
 Temporal analysis of NDVI and NDDI showed lack of spectral separability between 
grassland and woodland in 1978 indicating that they belonged to similar land cover type with 
lower mean NDVI values. Based on the analysis in 2005, low mean NDVI in the other years 
could be either grasslands or riverbed. All woodland and non-riverine locations used in the 
present analysis were sampled along the historic channel. Since the shift of the river in 1968 
most of the riverbed and floodplain occurred only along the current channel. This was also 
evident on the raw satellite imagery, NDVI and NDDI imageries from 1978 (see figure 2.3). 
Absence of riverbed along the historic channel thus leaves us with the only possibility that 
these locations were grasslands or land cover types with low vegetation and cover (thus 
lower mean NDVI) in the past. Higher temporal variability in mean NDVI between 
grassland and woodland suggests the possibility of frequent transitions between the two. 
Higher variance in mean NDVI within woodland, village grassland, river and riverbed 
suggest a significant change in their spectral signature indicating a higher amount of 
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transition between these types. These results confirmed vegetation change and loss of 
grasslands within the historic floodplain.  
 Given the fragmented and transitional nature of these grasslands, these spectral 
indices thus provide a rapid qualitative assessment of grassland distribution and loss. A 
rigorous classified approach will provide an estimate of the actual loss in area. It is difficult 
to identify the actual cause behind the loss of grasslands between 1978 and 1990, but 
available Survey of India (SOI, 1984) maps (Biswas 1999) indicate the presence of extensive 
grasslands within the historic channel. Current results confirmed that alteration in the 
flooding regime due to the changed river course in 1968 led to gradual woodland succession 
within the historic channel (Biswas and Ramsey 2007) and grassland loss inside Jaldapara. 
Woodland invasion within any grassland towards a climax forest is a natural trajectory of 
succession (Clements 1916). The Terai grassland is a disturbance mediated ecosystem 
Expansion of woodland within the historic floodplain could be attributed to drier conditions 
due to reduced flooding (Miller et al. 1995).  
 As evident in 1978 imagery, the meandering nature of the river probably maintained 
a balance between grassland loss and gain. Grassland loss inside Jaldapara is strongly 
associated with loss (Oliver 1980, Narayan et al. 1989, Kumar 1998) of various grassland 
obligate species, e.g., Pygmy hog and Bengal florican. Successful identification of different 
types of grasslands and quantifying their loss will assist in developing better habitat 
management strategies for the remaining grassland specialist species (e.g., Great Indian one 
horned rhinoceros, hispid hare, and hog deer) found within Jaldapara that are globally 
endangered. The survival of many of these species is coupled with the existence of their 
habitat, the grasslands (Spillette 1967, Biswas and Mathur 2000, Biswas 2004, Maheswaran 
2006).  
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Unless there is a natural change of river course or flooding regime, grasslands lost to 
woodland or primary forest can be translated to a permanent loss. Grassland loss within 
Jaldapara is directly associated with threat to the endangered flagship species of the region 
‘Asiatic one-horned rhino’. In order to combat the expanding woodland succession and 
grassland loss, along the historical channel the park management resorted to raising artificial 
grassland plantation (Dhadda, Saccharum nrenga dominated communities) inside the park 
(Pandit and Yadav 1996). Though such plantations were able to resolve the forage crisis for 
the mega-herbivore, it failed to restore the historical distribution of the grasslands. Instead 
these plantations gave way to woodland succession, weed invasion and expansion of 
degraded forest (personal observation from 1998 – 2007, Biswas and Mathur 2003). Jaldapara is 
essentially a flood driven ecosystem. Based on the observed temporal variability of grassland 
between the historical and current channel, restoring the historic flooding regime or 
artificially flooding the historic channel might be a better alternative in restoring the natural 
course of grasslands within the PA and reducing woodland invasion, than raising grassland 
plantation in areas where the underlying biotic factors have changed.  
7. Conclusion  
 It was evident from this study that alteration of river course led to significant 
grassland loss within Jaldapara. Being entirely fragmented it is practically impossible to 
monitor all the grassland patches inside the park through direct methods. NDVI and NDDI 
can thus provide a cost-effective, rapid, and straight forward qualitative assessment of 
grassland loss. With rapid sampling of vegetation cover and height, these indices can be used 
to map the different types of grasslands inside the park and assist in better monitoring. 
Given these results we foresee a huge potential of moderate resolution multi-temporal 
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satellite data in systematically monitoring these grasslands more efficiently than practiced 
today. 
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Table 2.2 The multi-temporal satellite dataset used during the study 
YEAR Sensor  (path and row) 
Spatial 
Resolution Spectral resolution ( m) 
1978 - Feb 22nd 
EROS data 
Center, Sioux 
Falls, SD. 
Landsat MSS- 2 
148path/41row 
148path/42 row 
60m 
Band 1 (B) 
Band 2 (G) 
Band 3 (R) 
Band 4 (NIR) 
0.49 - 0.52 
0.52 - 0.60 
0.63 - 0.69 
0.76 - 0.90 
1990 - Nov 24th 
EROS data 
Center, Sioux 
Falls, SD. 
Landsat TM -5  
138path/41row 
138path/42 row 
30m 
Band 1 (B) 
Band 2 (G) 
Band 3 (R) 
Band 4 (NIR) 
Band 5 (MIR) 
0.45 - 0.52 
0.52 - 0.60 
0.63 - 0.69 
0.76 - 0.90 
1.55 - 1.75 
2001 - Nov 20th 
EROS data 
Center, Sioux 
Falls, SD. 
Landsat ETM+ 
138path/41row 
138path/42 row 
30m 
Band 1 (B) 
Band 2 (G) 
Band 3 (R) 
Band 4 (NIR) 
Band 5 (MIR) 
0.45 - 0.52 
0.52 -0.60 
0.63 - 0.69 
0.76 - 0.90 
1.55 - 1.75 
2005 -Dec 8th ASTER L1B 15m 
Band 1 (G) 
Band 2 (R) 
Band 3 (VNIR3) 
Band 4 (SWIR4) 
0.52 - 0.60 
0.63 - 0.69 
0.76 - 0.90 
1.60 - 1.70 
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Table 2.3 Bias and Gains (watts/ (meter squared * ster *  m)) for each band, ESun and 
Solar Elevation summarized from the metadata (TM, MSS) or calculated (ETM) from LMin 
and LMax provided with the dataset (Bias = LMin, Gain = LMax – LMin/255) as variables 
in the COST model (for ASTER Unit Conversion Coefficient (UCC) for each band is 
summarized under Gain) 
Year Sensor Band Bias Gain ESun Solar Elevation d 
1978 MSS 2 1 0.8 0.999 1856 35.03 0.989 
1978 MSS 2 2 0.6 0.666 1559   
1978 MSS 2 3 0.6 0.572 1269   
1978 MSS 2 4 0.4 0.496 906   
1990 TM 5 1 -1.0 0.398 1957 38 0.988 
1990 TM 5 2 -2.32 0.964 1829   
1990 TM 5 3 -0.78 0.54 1557   
1990 TM 5 4 -1.93 1.043 1047   
1990 TM 5 5 -0.8 0.235 219.3   
1990 TM 5 7 -0.4 0.154 74.5   
2001 ETM 1 -6.2 0.775 1969 38.2 0.988 
2001 ETM 2 -6.4 0.795 1840   
2001 ETM 3 -5.0 0.619 1551   
2001 ETM 4 -5.1 0.637 1044   
2001 ETM 5 -1 0.125 225.7   
2001 ETM 7 -0.35 0.043 82.07   
2005 ASTER 1  0.676 1844.6 37.8  
2005 ASTER 2  0.708 1556.5   
2005 ASTER 3  0.426 1083.8   
2005 ASTER 4  0.108 232.74   
 
 
Table 2.4 Variation in NDVI and NDDI between the current and historic  
floodplain from 1978 to 2005 
 (a) NDVI (mean ± sd) (b) NDDI (mean ± sd) 
NDVI Historic Current Historic Current 
1978 114.6 ± 12.6 108.3 ± 17.5   
1990 174.8 ± 11.1 156.6 ± 22.7 74.1 ± 15 84.5 ± 19 
2001 157 ± 14.8 123.6 ± 27.1 44.8 ± 18 73.2 ± 27 
2005 136.7 ± 14.3 111.1 ± 23.1 128.6 ± 15 143.5 ± 17 
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Table 2.5 Results of One way ANOVA and Post hoc ANOVA (Tukeys HSD) of mean  
NDVI and NDDI among the classes (refer table 1) at 95% confidence  level for significant 
spectral variability in NDVI (*) and NDDI (+) at Level-I, II and III in 2005. The number 
of ‘*’ and ‘+’ indicated the strength of the association. (Significant codes p < 0.000 ‘ *** ’, 
p < 0.005 ‘* *’, p <0.05 ‘ *’, NS=non significant)  
(a) Post Hoc comparison of NDVI (*) and NDDI (+) among the classes at Level - I 
Spectral 
Indices 
Level – I  Grassland 
(GL) 
Woodland 
(WODL) 
Forest  (FST) River  Riverbed   
NDDI  NDVI  One way Anova F = 128.5, df = 4, p =0.000, n=436 
Classes 100 194 600 700 800 
100  ** *** *** *** 
200 NS  ** *** *** 
600 +++ +++  *** *** 
700 NS NS +++  NS 
One way 
Anova F = 
24.94, df 
=4, 
p=0.000, 
n=436 800 +++ ++ +++   
 
(b) Post Hoc comparison of NDVI (*) and NDDI (+)among the classes at level – II 
Spectral 
Indices 
Level -II Non-Riverine GL Riverine GL Village GL Woodland 
NDDI  NDVI One way Anova F = 18.9, df = 3, p = 0.000, n = 316 
Classes 100 105 109 194 
101  *** NS * 
105 +  * *** 
109 + NS  * 
One way 
Anova F = 
5.88, df = 3, 
p = 0.000, n 
= 316 200 NS NS +  
 
(c) Post Hoc comparison of NDVI (*) and NDDI (+)among the classes at level – III 
Spectral 
Indices 
Level -III ShGL TdGL ToRGL MGL WODL Sec. 
FST 
Deg. 
FST 
Den. 
FST 
NDDI  NDVI One Way Anova F = 31.8, df =7, p = 0.000 
Classes 100 102 105 108 194 400 500 600 
102  NS *** NS * NS *** *** 
103 ++  *** * NS NS  * 
104 +++ +++  *** *** *** *** *** 
108 + +++ +++  * ** *** *** 
200 NS ++ +++ NS  NS * * 
300 NS NS +++ + +  NS NS 
400 +++ NS +++ +++ +++ NS  * 
One way 
Anova F= 
22.4,  
df =7,  
p = 0.000,  
n = 355 
500 +++ + +++ +++ +++ NS +  
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Table 2.6 Regression between spectral indices and variables across all the locations    
 Coefficient  Model Strength 
Over all Intercept Density Cover Height R2, p value, n 
NDVI ~Density + 
Cover +Height 
115.43 1.64 3.90 0.02 0.478, (0.00), 436 
NDDI~ Density + 
Cover +Height 
147.28 -1.06 -0.79 -0.008 0.198 (0.00), 436 
 
Table 2.7 Simple liner regression between the spectral indices and vegetation parameters 
within the land cover types (R2 and p-values reported for associations with p<0.05)  
Multiple Regression  Simple Linear Regression  Level  Vegetation 
Parameters 
(VP) 
VP ~ NDVI + NDDI VP~ NDVI  VP~ NDDI 
1. Over all      
 Height 11.2(0.00) 9.9 (0.00) 1.3 (0.01) 
 Cover 43.6 (0.00) 42.4 (0.00) 10.9 (0.00) 
 Density 14.9 (0.00) 12.1 (0.00) 12.4 (0.00) 
2. Level-I     
Grassland (GL) Height 15.9(0.00) 10.8(0.00) 15.8(0.00) 
 Cover 19.5(0.00) 19.3(0.00) 13.3(0.00) 
 Density 9.5 (0.00) 9.4(0.00) 4.7(0.00) 
Woodland Height   11.7(0.03) 
Forest Density  21.9(0.00) 9.9(0.01) 20.5(0.00) 
3. Level-II     
Non-riverine GL Height 4.3 (0.04)  2.9(0.04) 
 Cover  3.6(0.03) 3.3(0.04) 
Riverine GL Height 30.0(0.04) 29.2(0.00) 23.8(0.00) 
 Cover 29.1(0.00) 29.4(0.01) 17.8(0.00) 
 Density 35.2 (0.00) 28.6(0.00) 29.5(0.00) 
Village GL Height  2.3(0.02)  
4. Level – III     
Short GL Density   4.3(0.04) 
Tall dense GL Cover 11.3(0.04) 2.5(0.00)  
Tall open  GL   Cover 24.5(0.00) 21.4(0.00)  
 Density 19.9(0.00) 13.4(0.01) 19.3(0.00) 
Mosaic GL Height 16.6(0.00) 15.7(0.00) 13.4(0.00) 
 Cover 4.9(0.04) 4.8(0.00)  
 Density 10.4(0.00) 9.4(0.00) 3.4(0.04) 
Degraded Forest Height  10.7(0.03) 11.8(0.03) 
 Density 15.4(0.05)   
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Figure 2.4 Spectral variation among the land cover (level–I) and grassland types (level–II and 
III) found within Jaldapara (n=436). 
 
 
      
(a) Level I:  Grassland (100), Woodland (200), Forest (600), River (700), Riverbed (800) 
     
(b) Level –II : Non Riverine Grassland (101), Riverine Grassland (105), Village Grassland 
(109), Woodland (200) 
  
(c) Level III: Short grassland (102), Tall dense grassland (103), Tall open grassland (104), 
Mosaic grassland (108), Woodland (200), Secondary Forest (300), Degraded Forest (400), 
Dense forest (500). 
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(a) 
(b) 
(c) 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Variation in mean vegetation height, mean vegetation cover and mean vegetation 
density among different (a) land cover types at Level-I (Grassland (100), Woodland (200), Forest 
(600), River (700) and Riverbed (800)) and grasslands based on (b) location at Level–II (Non-
riverine grassland (101), Riverine grassland (105) and Village grassland (109)), and (c) composition at 
Level–III (Short grassland (102), Tall dense grassland (103), Tall open grassland(104),Mosaic grassland 
(108), Woodland (200), Secondary forest (300), Degraded forest (400) and Dense forest (500)). 
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CHAPTER 3 
MAPPING HISTORIC LAND COVER AND LAND USE FROM 
MULTITEMPORAL REMOTE SENSING IMAGERY  
IN THE EASTERN TERAI, INDIA2 
Abstract 
This paper focused on the use of multi-temporal satellite data from Landsat 
Multispectral Scanner (1978), Thematic Mapper (1990, 2004, and 2006) and Enhanced 
Thematic Mapper (2001) to conduct a change detection study within the Eastern Terai of 
India. Grassland, woodland, dense forest, secondary forest, degraded forest, cropland, tea 
estates, village settlements, river and riverbed were the broad land cover types spectrally 
identified within the study area.  
 Over 3,800 locations were sampled using a stratified random sampling approach. A 
total of 876 locations coincident in time with a 2006 Landsat Thematic Mapper image were 
used to develop the mean spectral signature for each land cover type and classify the 2006 
image.  Spectral signatures derived from the 2006 image were used to classify radiometrically 
normalized historical images. Field locations not used in the training of the 2006 image were 
used to evaluate the accuracy of that date, while spectral indices (NDVI, NDDI, Greenness, 
Brightness, and Wetness) were used to qualitatively judge the accuracy of classification of the 
historical images. 
 Results showed overall accuracy of 80%.  Accuracy of individual land cover types 
were found to be greater than 70% except village settlements (68%) and degraded forest 
                                                
2 Coauthored by Tanushree Biswas, R. Douglas Ramsey, John A. Bissonette and Jürgen Symanzik 
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(69%). To assess the accuracy of the historic imagery, we found that NDVI, NDMI and 
wetness were a more reliable estimate of the accuracy than brightness and greenness.  
1. Introduction 
Relating vegetation, land use and land cover types to remote sensing imagery is a well 
established science (Aldrich 1975, Burns and Joyce 1981, Singh 1986, Hill and Sturm 1991, 
Hall et al. 1991a, Alwashe et al. 1993, Bruzzone and Serpio, 1997a, Lupo et al. 2001, 
Amarnath et al. 2003, Coppin et al. 2004, Erika et al. 2005). Digital classification of land use 
and land cover (Howarth and Wickware 1981, Singh 1986, Coppin and Bauer 1994, Song et 
al. 2001, Sarma et al. 2008) is typically the basis of change detection studies such as this.  In 
India, the use of satellite data in ecological studies has become common only in recent years, 
with studies focusing mostly on mapping biodiversity and change within protected areas or 
forested ecosystems (Sudhakar et al. 1996, Menon and Bawa 1997, Khan et al. 1997, Jha et al. 
2000, Menon et al. 2001, Nagendra et al. 2006, Sarma et al.  2008). 
Land-cover refers to the physical characteristics of earth’s surface, captured in the 
distribution of vegetation, water, soil and other physical features of the land, including those 
created solely by human activities (e.g. settlements).  Land-use refers to the way in which 
humans use the land (e.g. agriculture, settlements, etc.). Both land use and land cover 
information play an important role in future land use planning and management at local and 
regional scale, and hence are important topic of investigation.  
 The Terai landscape is depicted by a mosaic of grassland, woodland, and forest 
within an anthropogenic matrix of agriculture and rural settlements. In the east, tea estates 
further populate the Terai region. Protected areas have been established within the region to 
sustain populations of various endangered and threatened species including the tiger 
(Panthera tigris), Asiatic one horned rhino (Rhinoceros unicornis), elephant (Elephus maximus), 
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Gaur (Bos gauras), hispid hare (Caprolagus hispidus), swamp francolin (Francolinus gularis), 
hog deer (Axis porcinus), and Bengal florican (Houbaropsis bengalensis). These protected areas 
are therefore highly significant for retaining the biodiversity of the region. There have been 
studies from the region indicating alteration of this mosaic (Singh 1991, Brar 1999, Biswas 
and Mathur 2000, Biswas et al. 2002).  However, there have been few efforts to quantify 
change within these landscapes (Biswas and Singh 2002, Biswas and Ramsey 2007, Sarma et 
al. 2008, Biswas et al. 2009). The overall goal of our study, therefore, was to evaluate the 
mosaic landscape of the Alipurduar subdivision of the Eastern Terai and quantify change by 
using multi-temporal remotely sensed imagery.  
The use of multi-temporal imagery to identify landscape change is a straightforward 
and well-established method (Hall et al. 1991b, Mas 1999). It has been used frequently in 
India to monitor forest change (Jha et al. 1994, Nagendra et al. 2006, Sarma et al. 2008, 
Sudhakar et al. 2009). This paper focuses on post classification land cover and land use 
change within the Alipurduar subdivision (including forest and its surrounding landscape), a 
representative of the Eastern Terai. Post-classification comparison involves independent 
classification of each image followed by a pixel-by-pixel comparison to detect changes in 
cover type over time.  Here we discuss in detail the methods used to identify broad land 
cover types from current (2006) and historical satellite data (1978, 1990, 2001, 2004) within 
the Alipurduar and evaluate the classification accuracy.  
2. Study Area  
 The Alipurduar subdivision (2,722.01 km2) is located between 26029’09”N and 
26051’46”N latitude and 89005’37”E and 89054’24”E longitude within the Jalpaiguri district of 
West Bengal, India. It is a social, political, and ecological representative of the mosaic found 
within the Eastern Terai landscape (figure 3.1).  
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 It is bounded by the Coochbehar District to the south, the State of Assam in the 
East, the Mal Bazaar sub-division under the Jalpaiguri district in the west, and Bhutan in the 
North (figure 3.1). The Rehiti, Torsa, Paana, Chuni Jhora, Raidak are some of the rivers 
within the region, which are a tributary to the Brahmaputra River further south. The 
Sankosh River separates Alipurduar from Assam in the east and the Rehiti River demarcates 
the boundary in the west.  
Alipurduar is characterized by sub-tropical and humid climate with an average annual 
rainfall of 3736mm, with a temperature maximum and minimum of 370C and 60C, 
respectively. Elevation of the region varies from 150 to 350m above mean sea level. It 
receives heavy rainfall during monsoon causing annual flooding. Most of the forest found 
within the region falls under either Tropical semi-evergreen, Tropical moist deciduous or 
Tropical dry deciduous forest types (Champion and Seth 1968). The grasslands found within 
Alipurduar fall under the low Alluvium savanna woodland and Eastern Alluvial grassland 
classification as defined by Champion and Seth (1968). The primary forests in the foothills 
are mostly comprised of Sal (Shorea robusta) as the dominant species associated with Schimia 
wallichi, Terminalia tomentosa, Chukrassia tubularis, Lagerstomia pariviflora and Amoora species. The 
riverine forest found along the river course is primarily composed of Dalbergia sissoo and 
Acacia catechu and tall grasses dominated by Saccaharum spontenum, S. narenga, S arundecium. The 
lower hill forests also have Sal as the dominant species with Cedrela toona, Bombax ceiba, 
Ailanthus grandis, Gmelina arborea, and Anthosephalus cadamba, as the associated species. Large 
scale plantations of Japanese cedar (Cryptomeria japonica) are a remarkable feature of the 
forests in this zone.  
 The Buxa Tiger Reserve (Buxa) and Jaldapara Wildlife Sanctuary (Jaldapara) are two of the 
most prominent protected forests within Alipurduar that retain high biodiversity and 
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remnant population of tiger and elephant. Jaldapara contains the largest tract of tall moist 
alluvial grassland and provides refuge to many grassland specialist species, for e.g., hog deer, 
rhino and hispid hare. Salkumar, Khair Bari, Chilapata, Mendabari, Kodalbasti, Titi, Bhutri, 
Bhalaka, Raidak, Dhumpara and Dhumchi are some of the remaining reserve forests found 
within the matrix of cropland and tea estates within Alipurduar. Newlands, Kumargram, 
Sankosh, Kohinoor, Madhura, Garganda, Lankapara, Subasini, Dalsingpara, Jaigaon, Turturi, 
Pashkhowa, Radharani, Nimti, Paitkapara, Chuapara, Raimatang, Kalchini, Dhumchipara and 
Dalmore are some of the prominent tea estates forming a corridor among the forested 
patches within the region. 
3. History of the region  
 Alipurduar has been known for its forest, timber, wildlife resources, and tea, since 
the colonial period.  Asiatic one horned rhino, hog deer (Biswas et al. 2002), hispid hare 
(Oliver 1980), pygmy hog (Oliver 1980) and Bengal florican (BirdLife International 2001) are 
some of the critically endangered species endemic to this region, particularly to the 
grasslands. The florican (Kumar 1998) and pygmy hog (Narayan et al. 1989) are extinct from 
the region since 1980. The remaining natural reserves (protected areas, sanctuaries, reserve 
forests) found within Alipurduar provide refuge to the aforementioned species as well as 
remnant populations of elephants (Bist 2002) and tigers (Jhala et al. 2008). Both tigers and 
elephant are wide ranging species and require extensive forest cover for seasonal migration 
(e.g, Elephants) or to move among their home ranges (e.g. Tigers).  Thus, primary forests 
and grasslands are important for habitat stability.  
 Primary forests within the region are characterized by dense canopies and were 
historically replaced with monocultures of timber species for extensive wood extraction. 
This led to the conversion of primary forest to secondary forest post-colonial period or 
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degraded forest if they failed to regenerate. Hence we were interested in spectrally 
differentiating secondary and degraded forest from dense forest which represents the 
remaining primary forests.  
 Tea has been the only significant industry within Alipurduar since 1874.  The area is 
predominantly rural with forest (38.4%), village settlements with cultivated and uncultivated 
land (35%), and tea (20%) being dominant (Banerjee et al. 2003).  Tea, rice, jute, and potato 
are the primary crops cultivated within the region, with Alipurduar comprising the 2nd 
highest producer of tea within the country (Mitra 1991, Tea Board of India 2009 
www.teaboard.gov.in). The tea estates and forests provide a corridor for the remaining 
population of Asian elephants found in north Bengal, western Assam and Bhutan (Bist 
2002).  Thus, tea plays a very crucial role in determining the socio-economic and ecological 
future of the landscape. Hence mapping the current and historical distribution of tea estates 
was considered important both for ecological and economic evaluation of the region.  
 Tea estates (Tea), cropland (Crop), and rural human settlement-uncultivated land 
(Villages) are the dominant anthropogenic land uses within the region.  The land cover 
consists of dense forest, secondary forest, degraded forest, grassland, woodland, river, and 
riverbed.  
4. Methods  
4.1 Data 
 Moderate resolution multi-temporal satellite imagery from Landsat Multispectral 
Scanner (MSS), Thematic Mapper (TM), and Enhanced Thematic Mapper (ETM) (table 3.1) 
were used to quantify the spatial distribution of different land cover types within Alipurduar. 
The study area crossed the boundaries of two images.  Image pairs consisting of MSS 1978, 
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TM 1990 and ETM 2001 were mosaiced into a single image for each time period. Data 
obtained from GISTDA, Thailand (TM 2004, 2006) were already merged into a single image 
and cropped to the study area. In order to reduce the effect of seasonal and temporal 
variability of land cover, we focused our image collection window on the drier winter 
months between November and March (Duggin and Robinove 1990).  This temporal period 
improved our chances of locating imagery that was cloud free over the study area and more 
importantly reduced variability of surface moisture during a time when grasses and natural 
vegetation had not yet senesced. The imagery obtained for the study were already 
geometrically corrected but had not been calibrated to at-sensor reflectance and corrected 
for sensor and sun angle variability (Howarth and Wickware 1981, Hill and Sturm 1991, Hall 
et al. 1991a, Mas 1999, Song et al. 2001, Coppin et al. 2004).  
4.2 Image Calibration 
  The image specific COST (Cos-Theta) Correction (Chavez 1996) Model and Single 
Image Normalization method using histogram adjustment (Jensen 2005) was used to 
radiometrically calibrate and normalize the data in preparation for the change detection 
analysis. Sensor specific bias and gains for each spectral band of Landsat TM, ETM and MSS 
data (table 3.2) were obtained from either the metadata or literature to convert the pixel 
brightness values (BV) in each band to percent reflectance using the COST model. The 
equation combines the radiometric calibration with a first order dark object atmospheric 
correction for each band.  Conversion to at-sensor reflectance using the COST model for 
the MSS, TM, and ETM imagery is as follows:  
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Where: 
 BVi = Brightness value for band i 
 Gain i = Gain for band i 
 Bias i = Bias for band i 
 d = Earth/sun distance in astronomical units for image acquisition date. 
 ESUN i = Solar irradiance for spectral band i  
  /180 = conversion of radians to degrees 
Solar Elevation measured in degrees from the horizon 
Due to the lack of known dark objects within the study area we used a histogram adjustment 
method to subtract the lowest value from each band in the COST corrected image to 
account for atmospheric haze.  
4.3 Land Cover Types  
 The overall focus of this study is to map major land cover types across five different 
time periods (1978, 1990, 2001, 2004 and 2006) in order to subsequently model land cover 
transitions and landscape change through time. Given the dearth of land cover data and 
secondary datasets for previous years, we adopted a generalized land cover classification of 
ten discrete, but important types that can be easily mapped and used to quantify change. 
These include dense forest, secondary forest, degraded forest, grassland, woodland, tea, 
village grassland, crop, river (water), and riverbed. Table 3.3 provides a detailed description 
of each land cover type identified during this study.  
 
 
((π * (BVi * Gain i) + Bias i) * d2) 
(ESUNi * Cos (90 – Solar Elevation) * π/180) 
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4.4 Field sampling 
 A total of 3826 locations were sampled within Alipurduar between 2006 and 2008; 
two field visits were made during the study. The entire study area was stratified into ten pre-
determined land cover types to meet the study objectives. Road networks within the region 
were used to collect GPS locations within each land cover types following a stratified 
sampling design.  
 During the first visit, between October 2006 and March 2007, intensive field 
sampling was done within the Jaldapara Protected Area (n = 1845) to spectrally identify 
different types of grasslands. Since grasslands are of primary importance to faunal species in 
this region, we focused our efforts in these environments. Sampling outside of the protected 
area collected 440 sites representative of the pre-identified land cover types within 
Alipurduar. Within the protected area, stratified random sampling was done within the pre-
identified clusters obtained from the ASTER 2005 image which was spectrally clustered 
using the Isodata clustering method, since we did not have access to the 2006 Landsat TM 
image until December 2006. A Thales Mobile Mapper GPS receiver was used for the coarse 
sampling to collect the X-Y co-ordinate at each location and identify the land cover type.  
 The 440 locations sampled outside the protected area were used as the training 
subset to develop the mean spectral signatures for the land cover and land use types 
occurring over the rest of the study area. During both sampling periods, care was taken to 
ensure training sites were located within a homogenous land cover type larger than 3 pixels 
(90m) from the center. During the second field visit between February and April 2008, 
additional sampling was done within Alipurduar to collect more locations within crop and 
human settlement areas, other land cover types, and validate the intermediate land cover 
map produced from TM 2006 imagery.  
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 4.5 Classification 
 A combination of traditional supervised and unsupervised classification methods 
were used to produce the land cover products (Mas 1999, Song et al. 2001, Coppin et al. 
2004). Initially, traditional Isodata clustering method (Jensen 2005) was used to identify 30 
unsupervised clusters from each temporal dataset. Spectral signatures derived from 440 field 
sites were used to spectrally characterize each land cover type using the 2006 imagery since it 
was temporally adjacent to the field-sampling period. These spectral signatures were 
compared to spectral signatures of individual Isodata clusters for each year in order to group 
clusters into the aforementioned 10 land cover types.  
 For the historical images, additional signatures collected within dense forest, 
grassland, tea estates, river and riverbed visibly distinct on the image (figure 2) were used to 
assign the clusters to certain classes. Secondary information on location and extent of 
reserve forest, new and old tea estates, forest villages, new settlement, land use history 
gathered during the field work and shape was used in addition to the spectral signatures 
from the 440 training sites sampled in 2006 to create the final classified product from the 
historical images.  
 4.6 Accuracy 
 A total of 2,950 locations collected within Alipurduar independent of the training 
data were used to calculate the Kappa statistics (Foody 2002) and determine the overall and 
class accuracy of the land cover map from the 2006 TM imagery. Besides the traditional 
Kappa statistic, the spectral property of each land cover type was determined from the 
associated satellite image using various spectral indices such as the Normalized Difference 
Vegetation Index (NDVI) (Rouse et al. 1974), Normalized Difference Dryness Index 
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(NDDI), and Brightness, Greenness and Wetness indices (BGW) (Crist and Cicone 1984). 
The NDDI is a moisture/dryness index that was developed in a previous study. 
 Since we lack historic ground truth data to test the accuracy of the older imagery, we 
relied on the comparison of various indices extracted from imagery to compare the historic 
land cover maps to the present. We presume that while the spatial distribution of the 10 land 
cover types might vary through time due to change, the spectral properties for any one of 
the 10 types will not vary.  Therefore, we compared indices for selected pixels through time 
to estimate the accuracy of the historic maps. For instance, if a specific location was 
identified as grassland in 2006 we would not expect the spectral indices of grassland 
extracted from the imagery of preceding dates to be significantly different. Conversely, if 
that site had been classified as a different land cover type in preceding years, we would 
expect the derived spectral indices to reflect the indices for that specific land cover type as 
defined in the 2006 image.  
 Brightness, Greenness, and Wetness (BGW) are linear transforms applied to TM 
imagery that disaggregate the amount of soil brightness, vegetation and moisture content in 
individual pixels (Jensen 2005). BGW indices have been found useful in detecting forest 
disturbance, grassland types, land cover types, soil condition, wetness, and cover (Lunetta et 
al. 2002, Price et al. 2002, Rogan et al. 2002, Jin and Sader 2005). The NDVI and NDDI 
indices were derived from the 2006 imagery and correlated to individual land cover types in a 
previous study. 
 We successfully isolated different types of grasslands and the broad land cover types 
inside Jaldapara by combining NDVI and NDDI. The principal advantage of vegetation 
indices over single-band radiometric response is their inherent capability to provide 
information not available in any single band. However, no single vegetation index can be 
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expected to completely summarize the information in multidimensional spectral data space. 
Wallace and Campbell (1989) aptly stated that adequate indices can be found for different 
purposes and that indices derived for one analysis may be inappropriate in another context. 
Here we use the same idea to evaluate the classification of historical data that cannot be 
evaluated using standard assessment techniques. 
 We expected the mean NDVI of dense forest to be highest, followed by secondary 
and degraded forest. Wetness of River is expected to be higher than all other land cover 
types. Brightness of riverbed, village, and crop is expected to be higher due to increased bare 
ground. Greenness and NDVI of crop is expected to be higher than grassland and 
woodland. NDDI of dense forest and secondary forest is expected to be the lowest. NDDI 
of riverbed, grassland is expected to be higher than crop indicating less cover and less 
moisture retained by vegetation. We expected higher NDDI and lower NDVI in grassland 
when compared to woodland. Table 3.4 summarizes the steps used to obtain the final 
classified land cover map.  
6. Results  
6.1 Mean spectral signature from training dataset 
 Figure 3.3(a) shows the spectral signatures derived from field data for the different 
land cover types.  These signatures were matched to the 30 signatures obtained from the 
ISODATA classification to group clusters into the 10 land cover types (figure 3.3(b)). For 
the River and Riverbed classes, the main river channel had the lowest reflectance particularly 
in the NIR (Band 4) and MIR (Band 5 – 6) region while riverbed had the highest reflectance 
in the MIR region. Spectral signature from crop mirrored the pattern observed from tea 
except in the MIR region, with more moisture retained by locations within tea than crops. 
Mean reflectance in NIR was highest in crop and lowest in grassland with tea, forest types in 
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the middle. Spectral signatures from dense and secondary forest were very similar except that 
dense forest had lower reflectance in the MIR region. Likewise, mean spectral reflectance 
from grassland in the MIR region was higher than woodland.  Spectral variation among the 
land cover type was consistent with the expected variation in cover and moisture retention 
capacity by each land cover type. Though it was difficult to isolate dense, secondary and 
degraded forest from each other based on their reflectance in NIR, they segregated quite 
distinctly along the MIR region. Thus, spectral signatures from each land cover type 
primarily differed in their reflectance in the MIR (Band 5 -6) region.  
A Generalized Liner Model (GLM) of spectral variation among the land cover types 
showed Band 2, 3, 4, 5 and 6 significantly contributing towards the variation at p < 0.05 
(table 3.5). Table 3.6 summarizes the result of Paired t-test used to identify the spectral 
bands that significantly contributed towards the spectral isolation among different land cover 
types. Based on the similarity between field derived and ISODATA derived spectral 
signatures, the 30 Isodata clusters obtained from TM 2006 imagery were merged into the 10 
specified land cover and land use types (figure 3.3).   
6.2 Merging of clusters in the historical imagery 
 For the classification of the historical imagery the 30 ISODATA clusters were 
merged into 10 clusters using two techniques.  We first used 440 training sites that 
represented the three forest types, tea, grassland, and crop sites that had not changed in the 
28-year time span. These points were verified as non-change sites based on interviews with 
local land managers.  The second technique utilized points derived from imagery for obvious 
classes such as village land, river, and riverbed (figure 3.4).  Figure 3.5 shows the final land 
cover map from 1978, 1990, 2001, 2004 and 2006 within Alipurduar.  
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6.3 Accuracy of classification  
6.3.1 TM 2006  
 The overall accuracy of the land cover map (APD) was 80% (Kappa = 0.770, SE = 
0.006, Z = 112.5). Table 3.7(a) summarizes the accuracy of classification of the land cover 
map by each land cover type in 2006 based on the ground truthing done between 2006 and 
2008. Classification accuracy of dense forest was highest (96%), followed by riverbed (94%), 
crop (85%), woodland (83%), and grassland (81%).  Table 3.7 also shows the distribution of 
miss-classification within each class, especially in tea and degraded forest. Approximately, 
30% of the field samples from tea and degraded forests were miss-classified as one or the 
other. Likewise 30% of locations sampled as VGL were miss-classified as crop and 24% of 
locations within secondary forest were miss-classified as dense forest. From the point of 
view of crop, 33% of the error in the crop classification is attributed to a misclassification of 
village land and 51% of the error in crop is attributed to a misclassification of tea. These 
miss-classifications are possibly due to the lack of a clear demarcation on ground between 
dense and secondary forest or VGL and crop at 60m resolution. Also, similar spectral 
properties between inactive tea estates and degraded forest; dense and secondary forest; tea 
and crop due to cultivation of Simul (Bombax sps) and Sirish (Bombax sp), in both the areas 
affected their mis-classification.  
6.3.2 Accuracy of historic images  
 Due to the lack of information other than secondary knowledge from local people 
and the local forest department, we used the spectral property of each land cover type 
quantified from the spectral indices (NDVI, NDDI, Brightness, Greenness, and Wetness) to 
provide an assessment of the accuracy of the classification.  Use of these indices in assisting 
land cover classification and change detection is already in practice (Lunetta et al., 2002, Price 
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et al., 2002, Rogan et al., 2002, Jin and Sader, 2005). Here we explored the potential of using 
these indices for a “soft and qualitative” assessment of classification accuracy. Figure 3.6 
compares the variation in intensity (mean ± sd) of different indices among the land cover 
types from the 2006 image and the 1978, 2004, 1990, 2001, 2004 images. 
 Mean NDVI of dense forests from the entire study area was highest followed by tea, 
crop, secondary forest, degraded forest, woodland, grassland, village land, riverbed and river 
(figure 3.6). Likewise, mean NDDI and brightness from the entire study area was highest in 
riverbed and lowest in river, confirming riverbed to be driest and river with highest moisture 
compared to other land cover types. Among the remaining land cover types, dense forest 
had the lowest NDDI which increased subsequently in tea, secondary forest, degraded 
forest, woodland, crop, grassland and VGL. The pattern was consistent between 2006 and 
the historical years (1978, 1990, 2001, 2004); and in accordance with expected variation in 
moisture and cover among these landcover types (figure 3.6). 
  Mean brightness was lower in forest (dense, secondary and degraded) than 
woodland, grassland, village land and crop. Mean greenness was highest in tea and lowest in 
river in 2006 as well in the past years. Mean greenness decreased in order from dense forest, 
secondary forest, degraded forest, woodland, grassland, river and riverbed. Mean greenness 
in crop was higher than grassland and woodland. Mean wetness was highest in river in 2006 
and the past years, confirming accurate isolation of river. Mean wetness was higher in dense 
forest, secondary forest and tea during the early winter year, suggesting these classes to be 
moister than others (figure 3.6). Except for river and riverbed mean spectral value of NDVI, 
NDDI, brightness, greenness and wetness of other land cover types remained consistent and 
did not differ significantly among the sampled years (figure 3.6). 
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 Since vegetation occurs as a continuous spectral gradient, it is hard to spectrally 
separate each land cover type based on a single index. We conclude that the wetness index 
best captures river, and moist vegetation (dense forest, secondary forest and tea).  NDVI and 
NDDI are better indices compared to brightness and greenness indices for the assessment of 
the historical land cover classification.  Thus, in the absence of ground control points that 
match the temporal period of the historic images, the comparison of indices derived from 
the 2006 imagery gave adequate evidence of subjective accuracy in the classification of the 
historical images. Based on these results, we conclude that the classification of the historical 
image were sufficiently accurate to be used to evaluate change (Coppin and Coppin 1996, 
Bruzzone and Serpico 1997a, Mas 1999, Song et al. 2001, Coppin et al. 2004).  
7. Discussion and Conclusion 
 Change detection studies are always limited by the spectral and spatial resolution of 
the images used during the study, radiometric correction, and error from geo-rectification 
(Duggin and Robinove 1990, Hall et al., 1991a, Mas 1999, Dai and Khorram 1998, Coppin et 
al., 2004). Given our dataset, this analysis is limited by the spatial resolution of the image, 
60m resulting in errors along the boundaries between land cover types. The dataset 
produced from this analysis was subsequently used to conduct post classification change 
detection (Jensen 2005) within the study area. Independent classification of the historical 
imageries further minimized the error from radiometric calibration between dates. 
Furthermore, to reduce noise in the classified map, land cover types less than 2 pixels were 
merged to nearby land cover types using a four neighborhood rule. In addition, the historical 
dataset obtained during this study was already georeferenced and geometrically corrected 
(Dai and Khoraam 1998) further controlling the amount of error among the datasets. In 
order to reduce classification error among the datasets, training sites were collected inside 
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historic tea estates, primary dense forest and cropland within the study area that have not 
changed in time to help determine the spectral signature from these land cover types in the 
historic images. The error in classification due to sensor variability between MSS, TM and 
ETM was adequately addressed by using the COST correction model. Given the datasets 
and methods used to reduce or address the potential errors (Howarth and Wickware 1981, 
Dai and Khorram 1998, Duggin and Robinove 1990, Hill and Sturm 1991, Hall et al. 1991a, 
Song et al. 2001) we believe these dataset would provide a relatively accurate estimate of 
change observed between years and assist in understanding the patterns, processes and 
drivers of change within both the extents.  
 In spite of assuring the accuracy of classification of the current and historical images, 
we feel change detection studies provide an overview on the broad spatial and temporal 
pattern of change that is otherwise impossible to quantify (Coppin et al. 2004). Results 
should always be discussed in the context of the accuracy of classification (current and 
historical) and the spatial resolution of the images. Results from this study thus can only 
provide an insight into the broad patterns, trends and rates of changes that have already 
occurred.  It also provides insights on areas and land cover or land use types that need 
regular monitoring and where future research efforts should be directed.  
 The multi-temporal data collection facilities provided by space-borne remote sensors 
have revolutionized the way landscapes can be monitored. Although Aldrich’s prediction of 
the accuracy of satellite remote sensing in 1975 for monitoring forest change was not easily 
achieved, today it is well established that remote sensing imagery, particularly digital data, can 
be used to monitor and map changes within any ecosystems (Coppin et al. 2004). Once the 
inherent limitations of digital approaches are appropriately dealt with, pre-processing is 
adequately incorporated and optimal change detection algorithms are selected, an automated 
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forest and land cover model (e.g. Collins and Woodcock 1994, Coppin and Bauer 1994) can 
be developed for Eastern Terai to adequately model future trends and transitions.   
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        Table 3.1 The multi-temporal satellite dataset used during the study 
YEAR Sensor  (path and row) 
Spatial 
Resolution Spectral resolution ( m) 
1978 - Feb 22nd 
EROS data 
Center, Sioux 
Falls, SD. 
Landsat MSS- 2 
148path/41row 
148path/42 row 
60m 
Band 1 (B) 
Band 2 (G) 
Band 3 (R) 
Band 4 (NIR) 
0.49 - 0.52 
0.52 - 0.60 
0.63-0.69 
0.76 - 0.90 
1990 - Nov 24th 
(EROS data 
Center, Sioux 
Falls, SD) 
2004 -  Feb 6th 
2006 - Feb 24th 
(GISTDA, 
Thailand)  
Landsat TM -5  
138path/41row 
138path/42 row 
30m 
Band 1 (B) 
Band 2 (G) 
Band 3 (R) 
Band 4 (NIR) 
Band 5 (MIR) 
0.45 - 0.52 
0.52 - 0.60 
0.63 - 0.69 
0.76 - 0.90 
1.55 - 1.75 
2001 - Nov 20th 
EROS data 
Center, Sioux 
Falls, SD. 
Landsat ETM+ 
138path/41row 
138path/42 row 
30m 
Band 1 (B) 
Band 2 (G) 
Band 3 (R) 
Band 4 (NIR) 
Band 5 (MIR) 
 
0.45 - 0.52 
0.52 -0.60 
0.63 - 0.69 
0.76 - 0.90 
1.55 - 1.75 
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Table 3.2 Bias and Gains (watts/ (meter squared * ster *  m)) for each band, ESun and 
Solar Elevation summarized from the metadata (TM, MSS) or calculated (ETM) from LMin 
and LMax provided with the dataset (Bias = LMin, Gain = LMax – LMin/255) as variables 
in the COST model for sensor calibration. 
Year Sensor Band Bias Gain ESun Sun Elevation 
1978 MSS 2 1 0.8 0.999 1856 35.03 
1978 MSS 2 2 0.6 0.666 1559  
1978 MSS 2 3 0.6 0.572 1269  
1978 MSS 2 4 0.4 0.496 906  
1990 TM 5 1 -1.0 0.398 1957 38 
1990 TM 5 2 -2.32 0.964 1829  
1990 TM 5 3 -0.78 0.54 1557  
1990 TM 5 4 -1.93 1.043 1047  
1990 TM 5 5 -0.8 0.235 219.3  
1990 TM 5 7 -0.4 0.154 74.5  
2001 ETM 1 -6.2 0.775 1969 38.2 
2001 ETM 2 -6.4 0.795 1840  
2001 ETM 3 -5.0 0.619 1551  
2001 ETM 4 -5.1 0.637 1044  
2001 ETM 5 -1 0.125 225.7  
2001 ETM 7 -0.35 0.043 82.07  
2004 TM 5 1 -1.52 0.762 1957 37.7 
2004 TM 5 2 -2.84 1.442 1829  
2004 TM 5 3 -1.17 1.039 1557  
2004 TM 5 4 -1.51 0.872 1047  
2004 TM 5 5 -0.37 0.119 219.3  
2004 TM 5 7 -0.15 0.065 74.5  
2006 TM 5 1 -1.52 0.762 1957 40.8 
2006 TM 5 2 -2.84 1.442 1829  
2006 TM 5 3 -1.17 1.039 1557  
2006 TM 5 4 -1.51 0.872 1047  
2006 TM 5 5 -0.37 0.119 219.3  
2006 TM 5 7 -0.15 0.065 74.5  
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Table 3.3 Description of the broad land cover/land use types identified within the study area 
 
Land Cover 
Type 
Description of the prominent land use or land cover identified from satellite 
imageries and verified in field. 
Dense 
Forest 
The dominant ‘Mixed Moist Deciduous Forests’ found within the region with 
dense ground and canopy cover was classified as primary forest 
Secondary 
Forest 
Secondary forests were relatively open with more deciduous species and 
monocultures of different tree plantations. Sal (Shorea robusta) and Teak (Tectona 
grandis) were some of the common species found within the secondary forest. 
Degraded 
Forest 
Degraded forests were primarily forested patches that have been encroached 
and felled, had high weed invasion, low ground and canopy cover and have 
been left unattended for a while. Some of the degraded forest patches had 
expansion of crop field within them 
Woodland Grasslands interspersed with primary woody and shrub species were classified 
as woodland 
Grassland Extensive patches of short or tall, coarse or thin grassland without any woody 
trees or woodland invasion 
Tea Estates 
(Tea) 
Plantations of tea shrub interspersed with Simul (Bombax sp), Sirish (Albizia sp) 
or other ornamental tree species.  
Village land 
(VGL) 
Grasslands with very low grass cover and extensive grazing near the park 
boundaries were defined as bare village grasslands (VGL). For ease of analysis, 
human settlement, bare ground, harvested crop field and grazing areas outside 
the reserve forest were merged into village grasslands.  
Cropland 
(Crop) 
Un-harvested active agricultural field with paddy, potato, vegetables or jute as 
the seasonal crop or permanent field of banana, simul and betelnut trees. 
Except paddy and jute fields, some of the crop field had the seasonal crop 
planted within their banana, simul or betelnut plantations.  
River Primary channel of the perennial rivers found within the region  
Riverbed or 
floodplain 
Riverbed was separated from river or grassland by the presence of stone, 
gravel, sand bed, and very low cover of some perennial species of grasses 
 
 
 
 87 
Table 3.4 The basic steps for processing the satellite data and its final classification  
 
1. Mosaicked satellite data clipped to 
Alipurduar sub-division (2722 sq km) 
2. Cost Corrected and Single Image 
Histogram Adjusted satellite data 
3. Isodata clustering into spectral 30 clusters 4. Development of spectral signatures from 440 training sites collected in the field 
5. Merge the 30 Isodata clusters for the 2006 
image using training sites into 10 land cover 
and land use categories 
6. Compare spectral signatures of clusters 
generated from the historic imagery to 
spectral signatures developed in step 4. 
7.  Merge historic spectral clusters into the 
10 land cover types as dictated by the 
spectral signature comparison. 
8.  Test the accuracy of the 2006 imagery 
using an independent field-based dataset 
collected between 2006 and 2008. 
9.  Test accuracy of historic imagery by comparing spectral indices generated from the 2006 
image to indices extracted from the historic data. 
 
Table 3.5 Generalized Linear Model of spectral variation among the land cover types by 
spectral bands from Landsat TM 2006 imagery (Model:  Land cover type = Band 1 + Band 2 
+ Band 3 + Band 4 + Band 5 + Band 6, Family = Gaussian; AIC : 1832.4, Fisher Scoring 
iterations : 2, Null deviance : 3361.1, df = 439, Residual deviance : 1598.8, df = 433); 
Significance codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 
 
Intercept Estimate Std. Error t-value Pr (>|t|) 
 -4.18813 1.21142 -3.457 0.00060 *** 
Band 1 -0.15826 0.08918 -1.775 0.07667 
Band 2 0.25429 0.09428 2.697 0.00726 ** 
Band 3 0.24588 0.08139 3.021 0.00267 ** 
Band 4 0.08058 0.01693 4.760 2.64e-06 *** 
Band 5 -0.07620 0.02957 - 2.577 0.01030 * 
Band 6 0.02918 0.03057 0.955 0.03033 * 
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Figure 3.1 Geographic location of the study area within Eastern Terai, India showing      
the landscape and local study extents along with the primary landuse types and its 
boundaries. 
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2006 2004 2001 
1990 1978 
 
 Figure 3.2 Distinct spectral and spatial pattern evident on satellite imageries (1978 – 
 2006) separating different land cover types. 
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       Figure 3.3 Spectral signature of land cover types derived from (a) the training sites        
within the study area (n = 440) used to derive the (b) spectral cluster means from the 
Isodata clusters and classify Landsat TM 2006 imagery. 
(a) Spectral signature of land cover types from the 
training sites within APD (n = 440) 
  
 
(b) Mean spectral signature of 10 land cover clusters  
obtained by merging the 30 ISODATA clusters 
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Figure 3.4 Mean spectral signatures of land cover types derived from the training sites and 
locations sampled from obvious land cover classes on the historical image. 
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CHAPTER 4 
LANDSCAPE CHANGE WITHIN THE EASTERN TERAI, INDIA AT TWO 
SPATIAL EXTENTS – LINKING GRASSLAND LOSS, DEFORESTATION, 
AGRICULTURAL EXPANSION, TEA INDUSTRY, AND SPECIES 
CONSERVATION3 
Abstract 
 Landuse and land cover change was examined at two spatial extents within the 
Eastern Terai, India using multi-temporal satellite imagery from 1978 to 2006 to evaluate the 
influence of different land management strategies on landscape change. The floodplain of 
the Torsa River within the Jaldapara Wildlife Sanctuary (215 km2), situated at the foothills of 
Eastern Himalayas was the local extent of this investigation.  The Alipurduar sub-division 
(2,722.01 km2) encompassing the Jaldapara Wildlife Sanctuary was the landscape extent.  
Locally, seasonal monsoon driven flooding is the primary driver of change.  At the landscape 
level, anthropogenic disturbance, specifically the expansion of tea estates and cropland are 
the primary drivers of change.  
 At the landscape extent, percent area of forest, the dominant land cover type 
decreased from 35% in 1978 to 22% in 2006. It was replaced by cropland (~28%) and tea 
estates (~15%). Although the rate of loss of dense forest was highest (1,685.6ha /year), 
grassland (351.7 ha/year) and woodland (261.3 ha/year) showed significant decline as well.  
Concurrently, percent area under tea estates and cropland increased at the mean rate of 
1,056.7 ha/year and 298.3 ha/year, respectively. The majority of the loss of native vegetative 
cover within the Jaldapara Wildlife Sanctuary occurred between 1978 and 1990. Grassland, 
                                                
3 Coauthored by Tanushree Biswas, R. Douglas Ramsey, John A. Bissonette and Jürgen Symanzik 
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the second most dominant land cover type at the local extent, decreased from 20% in 1978 
to 18% in 2006, and the change is significant given the smaller scale extent. Mean rate of loss 
of forest and grassland equaled 78.8 ha/year and 34 ha/year, respectively. Gain in cropland 
and tea estates, within the local extent was minimal with most changes occurring around the 
park boundary and near villages situated within the sanctuary. Inside the sanctuary, areas 
were more likely to be converted to cropland (13.7 ha /year) than to tea estates (9.7 ha/year).  
The rate of loss of forest and grassland inside the wildlife sanctuary was lower than at the 
landscape extent. These results provide an insight into the broad patterns of landscape 
change both inside a protected area and a larger spatial extent within the Eastern Terai.  
Growth of the tea industry and directed conversion of forest to tea estates, evident within 
the landscape extent, was the primary driver of landscape change within the region.  
Introduction  
 Landuse and land cover change are intensively studied areas in landscape ecology 
(Turner and others 1993; Gautam and others 2003; Erika and others 2005) as are the issues 
of scale (Wiens 1989; Levin 1992) and drivers of change (Lambin and others 2001; Matthias 
and others 2004; Quan and others 2006). Because of the importance of the role of spatial 
and temporal aspects in change detection studies (Lausch and Herzog 2002), we examined 
landscape change over a 28-year period at two spatial extents to compare the patterns and 
primary drivers of change between the two extents.  We compare a relatively large landscape 
(Alipurduar,) located in the Eastern Terai (2722.01 km2) of northern India to understand 
regional patterns of change with a much smaller landscape (Jaldapara, 215 km2) located 
within the larger landscape, but managed as a wildlife preserve. The purpose of this 
comparison was to evaluate changes in wildlife habitat within a relatively small preserve with 
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respect to the changes in the surrounding landscape to better understand future habitat 
availability. 
Land use change has been one of the most important drivers of change in the tropics 
(McGuffie and others 1995; Geist and Lambin 2002, Gautam and others 2003) and India is 
no exception (Gadgil and Guha 1992). In a global study by Ramankutty and Foley (1999) 
over the last three centuries, nearly 1.2 Million km2 of forest and woodlands, and 5.6 Million 
km2 of grasslands and pastures have been converted to other land uses, and cropland has 
increased by 12 Million km2.  In India, the expansion of agriculture post independence in 
1947 and fueled by the introduction of the ‘Green Revolution’ (1967) has been identified as 
the most significant socio-economic driver of land cover change (Singh 1991; Sharma 1991; 
Gadgil and Guha 1992). The success of the ‘Green Revolution’ has led to rapid agricultural 
development (Singh 1991, Shiva 1991). Expansion of agriculture nationwide has also led to 
the loss of forest, natural grassland, and woodland.  Natural and anthropogenic disturbances 
are spatial/temporal processes affecting land use and land cover that can operate at many 
spatial scales. These disturbances can alter vegetation communities resulting in change in 
land cover, fragmentation, and loss of wildlife habitat (Turner and others 1993; Euskirchen 
2001; Lambin and others 2001; Nagendra and others 2006). 
The Indian Terai (420,700 km2) extends as an east-west arc along the foothills of 
Himalayas. It is also known as the Indo-Gangetic and Brahmaputra floodplain and has been 
subjected to extensive land cover conversion (Whitehead 1972; Rahman 1976; Kang 1982; 
Atwal and others 1984; Sharma 1991; Singh 1991; Brar 1999; Biswas and Mathur 2000). The 
Terai is particularly known for its dense, coarse, tall, and moist alluvial grasslands (elephant 
grasses) that support fauna endemic to the area. At present, the Terai is regionally segregated 
into the Eastern and Western Terai (Biswas and others 2002; Biswas and Mathur 2003). 
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Although the introduction of the Indian Wildlife Protection Act in 1972 increased the 
number of National Parks from 5 to 85 and wildlife sanctuaries from 126 to 448 (Ministry of 
Environment and Forest 1998; Nagendra and others 2006), it did not reduce land 
conversion within the highly fertile Indian Terai (Singh 1991; Biswas and Mathur 2000; 
Biswas and others 2002). Loss of forest and grassland within the Terai from 1989 to 1997 
was primarily attributed to multiple cropping patterns and increased cultivation of rice, 
sugarcane, and wheat (Singh 1991; Brar 1999; Biswas and Mathur 2000). Available anecdotal 
data from hunting reports and historical distribution of some of the species endemic to the 
Terai grasslands suggest the presence of large, unfragmented patches of forest and grasslands 
within the region (Singh 1965; Schaller 1967; Spillete 1967; Lehmkuhl 1989; Bell and others 
1990; Bell and Oliver 1992; Rahamani 1996; Javed and others 1999; Biswas 2004). Over 
time, increased cultivation has transformed the landscape into a mosaic of forest, grassland, 
cropland, and human settlement. The current landscape provides refuge for remnant 
populations of globally threatened and endangered species, many of which are grassland 
specialists. Despite the extensive loss of forest and grassland, and their importance as 
wildlife habitat, there are no documented studies that quantify landscape change within 
Indian Terai.  
Although agricultural conversion is the dominant type of disturbance, the Terai is 
also subjected to other anthropogenic disturbances including fire, grass collection, grazing, 
deforestation, and village encroachment. The dominant natural disturbance includes regular 
flooding during the monsoonal season. Historically the grasslands occurred along the active 
floodplains of most river systems surrounded by woodland and deciduous forest. With the 
increase of human populations, grasslands were increasingly converted to agriculture. This 
conversion has led to isolated patches of natural grasslands located predominantly within 
 
 
 99 
protected areas surrounded by dense forest throughout the region; or isolated patches 
occurring amid human settlement and cropland. This land use change has had serious 
consequences for most of the endemic fauna (Biswas and others 2002). Until the Wildlife 
Protection Act of 1972 and the Species Conservation Program begun by the World Wildlife 
Fund in 1997, which called for the immediate conservation of flagships species (e.g., rhino) 
and their habitats, the grasslands were deemed to have little conservation value. Although 
the Indian Terai has received some attention because of the Terai Arc Landscape (TAL) plan 
(Johnsingh and others 2004), conservation activities were primarily focused within the 
Western Terai. The TAL plan, however, does not identify the mosaic nature of the 
landscape, the anthropogenic and stochastic disturbances operating within the region causing 
habitat changes, nor the need to mediate conservation across the mosaic nature of the 
landscape. During this study, we focused our attention on the Eastern Terai that is subjected 
to similar ecological, political, social, anthropogenic, natural, and environmental pressures as 
the Western Terai. The Eastern Terai is less fragmented than Western Terai, with patches of 
forest and grassland, along the foothills of the Eastern Himalaya from North Bengal to 
Arunachal Pradesh in the East, and with sizeable populations of many of the grassland 
species endemic to the region (Biswas and others 2002; Biswas 2004).  
Objectives 
 Our primary objective was to examine the pattern and rate of landscape change 
within the Eastern Terai over past 28 years to understand the drivers of change. We asked if 
processes and trends of change within a protected area were different when compared to the 
surrounding landscape. We were interested in the following question: What do the patterns 
suggest in terms of future change within the region?  This question includes understanding 
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the relative contribution of anthropogenic vs. flood disturbances to the loss of natural forest 
and grassland within and between our two study areas.   
To the extent that if anthropogenic disturbances contributed to landscape change, 
we expected an increase in the rate of loss of natural land cover and gain in anthropogenic 
cover within the region over time. If the local extent is also subjected to similar disturbances 
we expect a similar pattern inside the protected area. However, if change in flooding regime 
or change in river course was the major driver of change inside the local extent, then we 
expect a change in flood dependent land cover types within Jaldapara. Jaldapara is a flood 
mediated ecosystem located within the Torsa floodplain and, for the most part, protected 
from anthropogenic disturbances. The course of the River Torsa changed during the flood 
of 1968 affecting the spatial distribution of plant communities within the past and present 
floodplain (Bayley 1995; Miller and others 1995). This change would lead to a directional 
conversion of moist grassland patches to savanna, woodland, and forest as flood frequency 
and duration decreased over time within the historic floodplain (Blasco and others 1992; 
Walsh and Townsend 1995; Temimi and others 2005). Thus we expect to see a correlation 
between area under floodplain, grassland and woodland within the park.  
Study Area  
 The Eastern Terai, covering 215,152 km2, is also known as the Brahmaputra 
Floodplain.  This region consists of fragmented landscapes with a mosaic of grassland, 
forest, and woodland existing within an anthropogenic matrix of crop fields, human 
settlement, and tea estates.  There are a number of protected areas within the region and 
these areas are home to various endangered and threatened species including the tiger 
(Panthera tigris), Asiatic one horned rhino (Rhinoceros unicornis), elephant (Elephus maximus), gaur 
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(Bos gauras), hispid hare (Caprolagus hispidus), pygmy hog (Porcula salvania), swamp francolin 
(Francolinus gularis), hog deer (Axis porcinus), and Bengal florican (Houbaropsis bengalensis).  
 Our study area consists of two locations within the Eastern Terai that differ relative 
to land use and management. The smaller or local study area, Jaldapara Wildlife Sanctuary 
(Jaldapara, 216 km2) is a preserve located completely within our larger study area, the 
Alipurduar Subdivision (Alipurduar, 2,722.01 km2) that represents the landscape extent of 
this study within the Eastern Terai (Fig. 4.1).  
Alipurduar, the landscape extent, is located between 26029’09”N and 26051’46”N 
latitude and 89005’37”E and 89054’24”E longitude. It is a social, political, and ecological 
representative of the mosaic Eastern Terai landscape. It is characterized by a sub-tropical 
and humid climate with an average annual rainfall of 3736mm, with a temperature maximum 
and minimum of 370C and 60C, respectively. Elevation of the region varies from 150 to 
350m above mean sea level. It receives heavy rainfall during the monsoon season which 
causes annual flooding. Most of the forest found within the region falls under either Tropical 
semi-evergreen, Tropical moist deciduous or Tropical dry deciduous forest types (Champion 
and Seth 1968). The primary forests in the foothills are mostly comprised of Sal (Shorea 
robusta) as the dominant species with its associates such as Schimia wallichi, Terminalia tomentosa, 
Chukrassia tubularis, Lagerstomia pariviflora and Amoora species. The lower hill forests also have 
Sal as the dominant species with Cedrela toona, Bombax ceiba, Ailanthus grandis, Gmelina arborea, 
and Anthosephalus cadamba, as the associated species. The riverine forests found along the 
river courses are primarily composed of Dalbergia sissoo and Acacia catechu and tall grasses 
dominated by Saccaharum spontenum, S. narenga, S arundecium. The grasslands found within the 
region fall under low Alluvium savanna woodland and Eastern Alluvial grassland as defined 
by Champion and Seth (1968) classification.  
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This region has been known for its tea, forest, timber, and wildlife resources since 
the colonial period. The Buxa Tiger Reserve and the Jaldapara Wildlife Sanctuary (Fig. 1) are two 
most prominent and protected areas within the region and are known for the remnant 
population of Tiger, Elephants and overall high biodiversity. Tea has been the only industry 
since 1874. The Salkumar, Khair Bari, Chilapata, Mendabari, Kodalbasti, Titi, Bhutri, Bhalaka, 
Raidak, Dhumpara and Dhumchi are some of the other reserve forest found within the matrix 
of cropland and tea estates. Despite the historical existence of a flourishing tea 
industry, most of the area is rural and poor with forest, tea, and village settlements with 
cultivated and uncultivated land being the primary land use types. Deforestation, land 
encroachment, mining, flooding, siltation, river shifting, high water pollution due to tea 
plantation are the major disturbances within the Eastern Terai.   
 Jaldapara, the local extent, is located between 25058’ N and 27045’ N latitude and 
89005’ E and 89055’E longitude within the Alipurduar. The sanctuary contains the largest tract 
of tall moist alluvial grassland and provides refuge to many grassland specialist species (e.g., 
hog deer, rhino and hispid hare) that are critically endangered. The climate of the park is 
humid with annual rainfall of more than 2000mm (Sudhaker and others 1996). The soil types 
within the sanctuary are alluvial with coarse gravel near the hilly northwest fringes and sandy 
clay to loam in the southern part of the park. The topography is mainly flat except in the 
North West. The elevation varies from 150 to 600m above sea level. The Torsa is the main 
river flowing through the sanctuary.  
 The vegetation of the sanctuary is generally of mixed composition with Shorea robusta 
as the dominant species associated with Schima, Chukrassa, Amoora species. The riverine 
forest existing along the river courses mostly consists of Acacia catechu and species of 
Lagerstomia, Albizzia, Gmelina, Salmilia, Wrightia and Dalbergia sissoo associated with tall grasses. 
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The vegetation types found within the park includes all the vegetation types found within 
Alipurduar. In addition to the above grasslands and vegetation, Jaldapara has the practice of 
cultivating artificial grasslands (Pandit and Yadav 1996) by planting monocultures of 
Saccaharum arundecium (Dhadda) a fodder species for the rhino. The native tall grasslands 
found within the park are very important for the grassland specialist species endemic to the 
Indian Terai. Two species, Pygmy hog and Bengal Florican, have not been sighted inside 
Jaldapara since 1980’s (Oliver 1980; Narayan and others 1989) and 1995 (Kumar 1998); a 
recent study suggests only 25 – 30 hispid hare’s still survive within the grasslands of 
Jaldapara (Maheswaran 2006).  
Methods  
 The temporal patterns and rate of landscape change were examined using a historical 
set of five Landsat satellite images collected between 1978 and 2006 (Table 4.1). The datasets 
used in this study were previously geometrically corrected. However, they had to be 
calibrated to reflectance at the sensor to account for sensor and seasonal variability.  
Unsupervised Isodata clustering and supervised merging of clusters based on their 
mean signature plots was used to identify broad land cover types (Table 4.2) from the 
current (2006) and historical (1978, 1990, 2001, 2004) imageries. Each image was 
independently classified into 30 spectral clusters that were eventually merged to one of 10 
land cover classes (Biswas et al., in preparation).  We chose 10 distinct land cover classes 
based on their importance in characterizing the ecology of the landscape, importance to 
endemic wildlife species, and their ease of classification with remotely sensed imagery. These 
land cover classes include Dense Forest (Den. FST), Secondary Forest (Sec. FST), Degraded 
Forest (Deg. FST), Grassland, Woodland, Tea Estates (Tea), Cropland (Crop), Village 
Settlement and Grassland (VGL), River, and Floodplain or Riverbed. A detailed account of 
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the classification methods and accuracy of the current (2006) and historical maps (1978, 
1999, 2001 and 2004) are provided in Biswas et al. (in preparation). 
Analysis  
 Descriptive statistics (Mean area, Standard Deviation, and Coefficient of Variation 
(Standard Deviation/Mean *100)) were used to compare the temporal trends in land cover 
types between both extents. Simple Linear Regression was used to determine the rate of 
change among the land cover types by regressing mean area under each land cover type 
within both extents with the image dates. A paired t-test was used to compare the variation 
in land cover distribution between Alipurduar and the Jaldapara.  
Overall rate of change in available natural forested habitat within the landscape was 
determined by merging dense and secondary forest into one class (Forest). Inside the 
Jaldapara, the rate of change among land cover types was determined separately for the 
current vs historical floodplain, and compared using their descriptive statistics. One sample 
t–test was used to compare the temporal variation in mean area under each land cover type 
within each floodplain. A paired t-test was used to compare between the floodplains. An 
exploratory curve fit method was used to determine and compare the rate of change in 
grassland and forest (along with other land cover types) between the historic and current 
channel.  Due to the transitional nature of the grassland and woodland within the Eastern 
Terai from flooding these two classes were merged to determine the overall distribution and 
rate of change in this transitional habitat, within Alipurduar. This transitional habitat and 
forest provide the primary habitat for the endemic fauna of the region. All statistical analysis 
was done in S-plus; Rejection of null hypothesis for all the tests were set at p<0.05; exact R2 
and p-values are reported from the significant regression analysis. 
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Results 
 This section is organized by first comparing general patterns of change among the 
land cover types within both the extents, followed by comparing the rate of change in area 
under each land cover types between the landscape (Alipurduar) and local (Jaldapara) extent.  
We will conclude with a comparison between the historic and the current floodplain. We 
opted for a simple analytical approach (Guthery 2008) by using the coefficient of variation 
(CV) to judge the temporal variation in land cover types. Figure 4.2 and 4.3 shows the 
temporal variation in distribution of land cover types within the Alipurduar and Jaldapara, 
respectively.  
Patterns of landscape change    
(a) Alipurduar Subdivision - The Alipurduar study area is dominated by dense forest 
(35%) and cropland (25%) (Fig. 4.2 and Fig. 4.4a). Grassland, woodland, village grassland, 
river, floodplain, secondary and degraded forest were relatively rare (~ 9% - 1%). Temporal 
analysis of the percent area under the different land cover types (Fig. 4.4a) showed a decline 
in all natural land cover types (dense forest, secondary forest, woodland, and grassland) 
except for degraded forest, and an increase in anthropogenic land cover types (tea estates, 
village land, and cropland).  
 Tea estates (tea) and village land (VGL) increased consistently from 1978 to 2006, at 
the rate of 1056.7 ha/ year and 455.5 ha/ year, (Table 4.3 and 4.4), respectively. Area under 
tea estates increased from less than 5% in 1978 to 14% in 2006 (Table 4.3). Village land that 
represent human settlements including grazing land, harvested crop field, barren area, 
villages and rural settlements increased by 6% from 1978 to 2006  while cropland increased 
by approximately 4% (Table 3). Dense forest declined from 36% in 1978 to 22% in 2006. 
Secondary forest and woodland decreased by approximately 3% while grassland decreased 
by 10%. The rate of loss of dense forest (1423.5 ha/year) was highest followed by grassland 
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(351.7 ha/year), secondary forest (262.13 ha /year) and woodland (261.3 ha/year) (Table 
4.4). Unlike secondary and dense forest, the area under degraded forest increased from 1978 
to 2006 at a rate of 256 ha/year.  Among the anthropogenic land cover types, rate of gain of 
area under tea was highest (1056.7 ha/year) followed by village grasslands (455.6 ha/year) 
and cropland (298.3 ha/year).   
 Temporal variation, measured by the coefficient of variation (CV) was lowest in 
cropland (10%) and highest in woodland (50%) with tea estates a close second (40%).  A 
lower CV indicates a consistent decrease or increase as opposed to a higher CV indicating 
inconsistent pattern of change. Thus the rate of gain in cropland within the landscape was 
relatively more consistent throughout the entire study period than were tea estates or village 
land. Area under tea estates increased rapidly between 1990 and 2001 by 13% as opposed to 
village land that increased rapidly between 2001 (6%) and 2004 (10%). Likewise rate of loss 
of dense and secondary forest among the natural cover types was relatively more consistent 
than woodland or grassland (Fig. 4.4c). Area under grassland decreased considerably 
between 1978 and 1990 by approximately 10,000 ha (3%); and continued to reduce gradually 
(1000 ha, 0.5%) in subsequent years.  
 Temporal variation between percent changed vs. unchanged suggest dense forest to 
be the most stable land cover type within both the extents (Fig. 4.5a). More than 70% of 
dense forest within Alipurduar remained unchanged. Land under tea, cropland, and riverbed 
underwent relatively equal amount of change. Percent unchanged areas (Fig. 4.5) under these 
three classes were considerably higher with lower CV (Fig. 4.5b) than percent changed. 
Contrarily, secondary forest, woodland, grassland, degraded forest, village grasslands, and 
river were less persistent with more than 70% of mean area under these landcover types 
changing to other land cover types within each time period (Fig. 4.5b). High variation in 
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percent changed in secondary forest, degraded forest, woodland and village land indicated 
that these classes underwent inconsistent and larger changes than the other land cover/use 
types within the landscape extent. Spatial distribution of land covers transition (change 
among land cover types) showed that most of the area under dense forest remained 
unchanged between the sampled years (Fig. 4.6a– 4.6d) within both the extents.  
 Many reserve forests (e.g., Banderpani, Bhutri, Buxa, Raidak) were partly or entirely 
converted into tea estates between 1978 and 2006. Temporal analysis of percent transition of 
area (by pixels) under dense forest to other land cover types within the Alipurduar further 
confirmed this conclusion (Fig. 4.7a). Less than 15% of dense forest underwent change to 
other land cover types during each time period.   
(b) Jaldapara – The Jaldapara Wildlife Sanctuary is dominated by dense forest and grassland 
(Fig. 4.3) but their proportion has decreased from 50% to 41% and 19% to 15%, 
respectively (Fig. 4.4b) between 1978 and 2006.  Crop, tea, degraded forest, village land, and 
river were the rare classes with their individual area being less than 5% for the sampled years 
(Fig. 4.4b). Temporal analysis showed considerable changes in natural land cover types as 
opposed to the anthropogenic classes inside the Jaldapara (Fig. 4.4b). Percent area under 
secondary forest (5% to 11%) and floodplain (9% to 12%) increased over the study period 
(Table 4.3), with a slight decrease in 2006 (Fig. 4.4b). Percent area under degraded forest (1% 
to 5%) and anthropogenic land cover types increased only in small proportions during the 
entire study period (Fig. 4.4b and Table 4.3). The temporal trends of change were more 
consistent and linear from 1978 to 2001 as compared to 2001 to 2006 (Fig. 4.4b).   
 Despite the small changes in dense forest, the absolute rate of loss of dense forest 
(78.8 ha /year) was highest among all land cover types (Table 4.4), with a sharp decline after 
2001. The rate of increase in secondary forest (57 ha/year) was higher than degraded forest 
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(32.2 ha/year) (Table 4.4), with relatively small but consistent gains from 1978 to 2006 (Fig. 
4.4b). Grasslands and woodlands decreased from 1978 to 2001, but both have shown an 
increase in area between 2001 and 2006 (Fig. 4.4b and Table 4.3). The area under woodland 
decreased from 2561 ha (11%) to 1700 ha (7%). Despite an approximately equal loss of 
proportional area under grassland and woodland, the absolute rate of loss of woodland (43 
ha /year) was higher than grassland (35 ha/year) (Table 4.4). Among the anthropogenic land 
cover types (tea, crop and village grassland) only the temporal regression for crop and tea 
were strong (R2 > 0.75) with a consistent linear increase in area under these land cover types. 
Rate of gain of area under crop was higher (13.7 ha /year) than area under tea (9.7 ha/year). 
 Temporal variation as measured by the CV, was lowest in dense forest and grassland 
(11 and 18, respectively) therefore indicating more consistent change from 1978-2006 (Fig. 
4.4c). Despite the consistent and directional increase of area (Fig. 4.4b) under tea, degraded 
forest, crop, and village land, these classes had some of the highest CVs (69, 61, and 50, 
respectively) (Fig. 4.4c).  The overall small area (less than 600 ha, Table 3) under these land 
cover types inside the Jaldapara led to the high CVs. This suggests that CV is not an 
appropriate statistic to test temporal variation of rare classes.  
Within the Jaldapara, large changes (> 60%) in percent area were observed in 
secondary forest, woodland, degraded forest, tea, village land, and floodplain (Fig. 4.5a) with 
village land, river, and degraded forest changing the most (> 80%). Percent change in 
grassland, tea, and crop was higher (> 55%) than percent unchanged (< 40%) (Fig. 4.5a). 
Dense forest changed the least (<30%) and most of the floodplain also remained unchanged 
(~60%) (Fig. 4.5a). Temporal variation in crop, tea and degraded forest was higher (> 35% 
CV) at the local extent as compared to the landscape extent (< 20% CV) (Fig. 4.5b).  Percent 
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variation of area under all land cover types (CV) suggests village land (> 70%) and woodland 
(> 45%) to be most dynamic and least persistent land cover types within the local extent.   
A spatio/temporal analysis inside Jaldapara showed that dense forest transitioned 
into secondary forest, tea, and crop cover types (Fig. 4.7b). Overall rate of change among 
natural land cover types inside Jaldapara was higher than anthropogenic land cover types. 
These patterns shows extensive loss of forested patches, grassland and woodland with 
concomitant gains in degraded forest and anthropogenic land use classes (tea, cropland and 
village land). 
Comparing rate of change between Alipurduar and Jaldapara  
 Examination of land cover change outside Jaldapara showed that forests outside the 
protected area are susceptible to losses at a higher rate (0.66%) than inside the park (Table 
4.5 and Fig. 4.8). Likewise, the rate of increase of village land, tea and crop across Alipurduar 
was 0.18%, 0.42 % and 0.11%, respectively.  The rate of change (%) outside the protected 
was higher within these classes than inside the Jaldapara. Alipurduar is a mosaic landscape 
with other reserve forests and parks. Significantly higher rates of change outside Jaldapara 
indicates that the conversion occurring in the rest of the landscape includes the relatively less 
protected areas and reserve forests. Unless the status of protection is improved within the 
remaining reserve forests and protected areas, the entire Alipurduar landscape is expected to 
transform into a tea dominated landscape.  
Pattern and rate of land cover change between the current  
and historic floodplains within Jaldapara 
Temporal analysis of land cover change between the historic (Fig. 4.9a) and current 
floodplain (Fig. 4.9b) showed more inconsistent gains and losses (higher CV%, Fig. 4.9) of 
forest, grassland, and woodland when compared to the entire park (Fig. 4.4b, 4.4c). The 
historic floodplain was primarily dominated by forest (Mean Area (ha): 2134.4, 46 %) as 
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opposed to riverbed (Mean Area (ha): 831.6, 25%) in the current floodplain according to the 
2006 imagery. Mean area (ha) under grassland and woodland was higher within the historic 
floodplain (1187 ± 494 ha and 822 ± 192 ha, respectively, Table 4.6) than the current 
floodplain (989 ± 103 and 351 ± 135, Table 4.6), with higher CV (%) in grassland within the 
historic floodplain (Fig. 4.9). Overall percent area under river, riverbed, and grassland was 
higher in the current floodplain (10%, 25%, and 29%, respectively) than the historic 
floodplain (1.5%, 2.5%, and 26%); woodland, crop, degraded forest and forest was higher 
within the historic floodplain (18%, 1.5%, 2.8% and 46%) than the current floodplain (10%, 
0.1%, 0.8%, and 21%). Except for grassland, difference in these land cover types between 
current and historic floodplain were significant (Paired t- test, Table 4.6). Rate of change (%) 
in land cover types also differed significantly between the floodplains. Due to consistent 
change (loss and gain) of area (Fig. 4.9), a quadratic regression (df = 2) explained the 
temporal trends better (Table 4.6) within the current and historic floodplain than a simple 
linear model. 
 Area under forest increased until 2001 and decreased post 2001 at the rate of 0.61% 
(28 ha/yr) per year within the historic floodplain as opposed to a decline within the current 
floodplain at the rate of 0.34% (11.4 ha/yr) per year. Likewise, area under grassland and 
woodland decreased consistently within the historic floodplain until 2001, and then increased 
in 2006 at an annual rate of 0.68% (32 ha/yr) and 0.31% (14.5 ha/yr), respectively. Area 
under grassland and woodland within the current floodplain changed at the rate of 0.10% 
(3.5 ha/yr) and 0.14 % (5 ha/yr), respectively following a non-linear pattern of gain and loss. 
Area under crop and village land increased within both floodplains but in small and in-
consistent proportions (< 1%).  Area under tea increased consistently only within the current 
floodplain at the rate of 0.02%.  Temporal variation in forest, degraded forest, grassland, 
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woodland, crop, river and riverbed was significant (one sample t-test) within both 
floodplains; temporal variation in tea and village land was significant (one–sample t-test) only 
within the current floodplain (Table 4.7).  
Discussion  
Temporal analysis of land cover change suggests a significant alteration at the 
landscape (Alipurduar) and local (Jaldapara) scale. In general, there were more gains than 
losses in anthropogenic land cover types with the opposite being true across the natural land 
cover types. Maximum losses were observed in the dense forest and grassland categories 
occurring between 1978 and 1990. Tea estates increased the most between 1990 and 2001; 
crop increased most during 1978-1990, and village land expanded the most during the period 
2001-2004.  
 Changes within the Alipurduar were due to the loss of dense forest, secondary forest, 
grassland, and woodland; and gains in cropland, tea, degraded forest, village grassland and 
floodplain. Current results indicate a conversion of natural land cover types to 
anthropogenic land cover types at the landscape extent. Stronger temporal trends (high R2 
value (Table 4.5 and 4.7)) in the variation of land cover types at both scales suggested a 
strong linear trend of consistent losses or gains of specific land cover types. Natural land 
cover types inside the Jaldapara were more consistently converted to other natural land cover 
types than anthropogenic classes, with a significant increase of grassland, woodland, and 
forest within the historic floodplain as opposed to the current floodplain. Figures 4.2, 4.3 
and 4.6 showed more directed land cover transition from natural land cover type (dense and 
secondary forest) to anthropogenic land cover type (cropland or tea) along the park 
boundary.  
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We observed an increase in village land and secondary forest at both scales (Fig. 4.8).  
The increase of village land at the landscape (Alipurduar) extent indicates an increase in 
human habitation which is supported by a documented increase in population for the same 
time period (Census 2001, NIC Database). At the local scale (Jaldapara), village land mostly 
occurred near the park boundary. These are forest lands that have been encroached and are 
used for grazing cattle. Area under village land remained relatively stable inside Jaldapara 
(excluding the boundary) indicating that there have not been additional or (large) 
encroachment or loss of forest land to human settlement unlike the pattern observed in 
Alipurduar. Except for cattle grazing, most of the current village land inside Jaldapara have 
been abandoned or left barren either due to land ownership conflicts or repeated disturbance 
from grazing from surrounding villages. Likewise, area under secondary forest increased 
inside Jaldapara as compared to Alipurduar where they were subjected to conversion to tea 
estates or crop.  
Though the difference in size of the two study areas can be a reason for the variation 
in the rate and trend of change in land cover types, some effects of the different types of 
disturbances operating at the local and landscape scale cannot be ignored. The rate of loss of 
dense forest at the landscape extent was significantly higher than at the local extent, 
suggesting that forested patches inside the Jaldapara boundary are relatively less subjected to 
loss and conversion to other land cover types. Most of the forested patches within the 
Alipurduar were part of a reserve forest or wildlife sanctuary. Despite their protected status, 
loss of dense forest within the landscape extent at such high rates suggests extensive land 
cover changes occurring within Alipurduar included areas that were protected. The 
difference in conversion rates between the Alipurduar and Jaldapara is most likely a function 
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of the increased level of protection provided to the Jaldapara (Southworth and others 2006; 
Ostron and Nagendra 2006; Nagendra and others 2006). 
 The trend of land cover change between the historic and current floodplain, along 
with a higher CV % and low strength of the linear regression within the floodplains suggest 
the occurrence of more non-linear and inconsistent transitions within both floodplains as 
compared to the rest of the landscape. Changes in the floodplain from 1978 to 2006 led to 
the dynamic pattern and significantly contributed to the change in land cover inside 
Jaldapara. Increase in woodland and grassland along the historic floodplain along with their 
consistent change (gain or loss) along the current floodplain suggest natural processes like 
flooding and succession to be the primary drivers of landscape change inside the Jaldapara.   
The rate of change in forest (secondary, degraded and dense forest) differed between 
the study extents and by the forest type. Rate of loss of dense forest was significantly higher 
than that of secondary and degraded forest. This analysis also suggests an increase in 
degraded forest within both study extents, with the rate of gain at the landscape extent being 
higher than at the local extent.  It also indicated that crop, tea, and village land played the 
most significant role in altering forested areas. Rate of increase of tea was significantly higher 
and it change more drastically than crop or village land. Despite the difference in their rates, 
both crop and tea estates are the primary drivers of change within the landscape extent. 
Results of this study are in agreement within the available information (Tea Board of India 
2009, ITC London) on the growth of the tea industry within Jalpaiguri district (Fig. 4.10), 
which is comprised of Alipurduar (50%), Darjeeling, and Coochbehar. Constant stable forest 
usually masks ongoing deforestation, by equal amount of reforestation in other parts of the 
landscape (Nagendra and others 2003). Unless detailed analysis of land cover change and 
trajectories of change is conducted at multiple scales, within a mosaic landscape like Eastern 
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Terai, overall rate of gain or loss of forest or grassland from just one of the areas (e.g., 
Alipurdaur or Jaldapara) might be miss-leading. Thus, though forest cover increased or 
remained stable within Jaldapara, it declined considerably from 36% in 1978 to 22% in 2006 
within the larger landscape, Alipurduar.  
Despite the low frequency of anthropogenic land cover types (tea and crop) inside 
Jaldapara, a significant increase in tea and crop with strong temporal trends (high R2 , Table 
4.5, 4.6, and 4.7) indicate that these land uses are drivers of change as well. Gains in these 
classes over the past 28 years occurred along the park boundaries and forest villages located 
in the northern range of the park. Given the current trends we consider tea and crop to be 
significant drivers of change near the forest village and park boundaries. These results 
confirmed the influence of regional disturbance in inducing landscape change around the 
periphery of the Jaldapara Wildlife Sanctuary (Biswas and others 2009) as reported by 
Nagendra and others (2006).  
Unlike forests across the Alipurduar, grassland seemed to be the most severely 
affected natural land cover type within Jaldapara. Given the small area and isolated 
distribution of grasslands, both inside and outside the Jaldapara (Fig. 4.2 and 4.3), any 
pressure or disturbance (anthropogenic or natural) is further magnified. The change in the 
river course in 1968 has significantly altered the historical distribution of grasslands inside 
the park. The historic floodplain in 1978 was dominated by grassland as opposed to forest in 
2006 (Fig. 4.9a). The remaining grasslands patches are currently found mostly along the 
current floodplain. A significantly higher rate of loss of grassland at the landscape extent 
(613 ha/year) as opposed to the local protected area (78 ha/year) is suggestive of a low level 
of protection or maintenance at the landscape extent and increased protection or 
maintenance at the local extent. Flooding is the only natural process to maintain these 
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grasslands. Thus identification and protection of additional floodplains with grasslands at the 
landscape extent will improve the fate of these grasslands within the region. Current analysis 
showed extensive grassland patches along the floodplain of the Sankosh River in the extreme 
eastern portion of the Alipurduar (Fig 4.2).  
In a recent study (Sarma and others 2008) conducted within Manas Tiger Reserve 
(east to River Sankosh) the authors observed an increase in savanna grassland (74.6%) and 
decline in alluvial grassland (46.8%) from 1977 to 2006.  In a separate study, west of 
Alipurduar (Nagendra and others 2009), the authors observed a decline in dense forest and 
increase of open forest outside the Mahananda Wildlife Sanctuary and the surrounding 
landscape. Though the definition of land cover types identified in these independent studies 
might differ slightly, they all suggest a decline of forest and grassland within Eastern Terai.  
A temporal projection of grassland from the current study indicates that the total 
area under grassland inside Jaldapara will reduce to 4000 ha by 2015 and 2000 ha by 2035.  
Under the current scenario, grasslands remain the most threatened habitat within the 
Jaldapara. Temporal analysis of grassland transition suggested their directional change to 
woodland and riverbed within Jaldapara; and cropland, degraded forest, and village land 
within Alipurduar. The observed loss of grasslands inside the Jaldapara emphasizes the 
critical status of remnant grassland specialist species (e.g, Asiatic rhino, hog deer, hispid hare 
etc.) found within the park. The practice of maintaining grasslands inside the park by seeding 
areas with grass species since 1996 (Pandit and Yadav 1996) has led to a further decline in 
the quality of grasslands by facilitating weed invasion and succession to woodland (Biswas 
and Mathur 2003), therefore failing restoration of grasslands within the park along its 
historic range. We suggest adoption of natural processes like flooding to restore the historic 
distribution of grasslands and the native grasslands specialist wildlife that depend on them.  
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The current analysis indicated the expansion of tea estates and cropland to be the 
major drivers of landscape change within the region. India is the primary producer and 
exporter of tea in the world (Mitra 1991; Tea and Environment case studies, Tea Board of 
India 2009, www.teaboard.gov.in). Secondary information (Fig. 4.10) shows the growth of 
the tea industry within the region. High per captia return from tea has led to increased 
production of tea by primarily increasing area (ha) under tea cultivation (Fig. 4.10). This 
possibly explains the rapid growth of tea industry within Alipurduar post 1990 and loss of 
loss primary forest within the region.   
Deforestation in the tropics is known to have significant consequences for global 
climate change, biodiversity, and the maintenance of a range of ecosystem services (Geist 
and Lambin 2002). The loss of dense primary forest at the rate of 1685.6 ha/year, and 
conversion of primary forest dominated to tea and crop dominated landscape calls for an 
examination of the consequences of such landscape change on climate (McGuffie and others 
1995; Pielke and others 2002). There have been reports of a delayed monsoon season within 
the region that has affected the tea industry (Tea Board of India, News Section March 19th, 
March 24th, April 1st, 2009). Examining the socio-economic and ecological consequences of 
land use change on climate and people are some of the areas that need attention in future 
studies. Though the Tea industry has been going through a crisis due to competition with 
coffee and soft drinks such as Coke and Pepsi (India Tea and Environment, TED case 
studies, Tea Board of India 2009), India still remains one of the primary producers of high 
quality teas. India is the primary exporter of Tea in the world market, with Jalpaiguri district 
(~ 50% of the study area) being the second primary producer. Though a more in-depth 
study is required to adequately understand the linkage between landscape change and the 
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growth of tea industry within Eastern Terai, the observed association and trends between the 
expansion of tea plantation and deforestation within Alipurduar sub-division is alarming.  
This study indicates a need for a close examination of the correlation between altered 
land cover (tea and forest cover) and tea production or yield within the region. What does 
future land conversion and deforestation translate for the local stake holders, tea industry, 
and conservation community within the region if the current trends persist or if a similar 
trend is observed for the entire Eastern Terai? How would increased conversion of dense 
primary forest to tea estates within Alipurduar affect the surviving population of large free 
range globally endangered species (e.g., elephant and tiger) residing in these forests?  Further, 
we also need to examine if the observed deforestation and expansion of the tea industry 
within north Bengal and the entire Eastern Terai are responsible for the alteration of the 
monsoonal patterns observed within the region. The apparent connection between 
landscape change, monsoonal pattern and tea plantation is most intriguing. Wijeratne (1996) 
found significant association between global climate change and tea production in Sri Lanka, 
due to increased temperature, reduced soil moisture and saturation vapor pressure deficit. A 
detailed examination of this relationship seems most urgent under the current concerns of 
global climate change.  Since tea yield is significantly influenced by weather and tea is one of 
the socio-economic drivers of the region and the country, its impacts to regional weather 
patterns could affect the sustainability of the local and national economy. If the observed 
monsoonal variation within the Eastern Terai is found to be correlated to deforestation then 
the tea industry will need to initiate immediate dialogue with land use planners, ecologists, 
foresters, policy makers, climatologists, local stake holders within the Eastern Terai to 
address and design compatible land use within the region without jeopardizing the climate. 
Given these concerns and issues, we consider that the Eastern Terai provides a unique 
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example to study and establish the links between world market, deforestation, socio-
economic condition, landscape change, species conservation, and climate change.  
Conclusion 
This study confirmed significant landscape change within the Alipurduar subdivision 
of the Eastern Terai. Tea was the primary driver of change within the larger study area, 
Alipurduar. Considerably more area was converted to tea estates over past 28 years than to 
cropland. Overall, there were more gains in natural land cover types compared to 
anthropogenic classes inside the Jaldapara when compared to the Alipurduar. Loss of dense 
forest was significantly higher than loss of any other land cover type within Alipurduar. 
Increase of tea–estates within Alipurduar seems to be associated with the growth of tea 
industry with the region, and India’s global position within tea industry. Given the 
assemblage of unique fauna and species diversity within Eastern Terai, observed loss of 
dense forest, calls for immediate attention and improved management of the remaining 
preserves. 
 Due to improved protection and restriction of anthropogenic disturbance, the 
Jaldapara did not undergo drastic change.  Succession and flooding were the primary drivers 
of change inside the Jaldapara. Landscape change within Jaldapara was more directed 
towards conversion between natural land cover types as opposed to the landscape extent. 
Forest and grasslands still remains the dominant land cover type within Jaldapara, however 
the spatial extend of grassland has decreased considerably. Loss of grasslands inside the 
Jaldapara is possibly related to the change in river course that led to increased woodland and 
forest within the historic floodplain, and grassland and riverbed within the current 
floodplain. The grasslands within Jaldapara are very important for the survival of the 
remaining population of rhino, hog deer and hispid hare. The evident loss of grasslands 
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within the park highlights the status of the species inside the park. Unless, the historical 
distribution of grassland inside Jaldapara in restored, the status of these species remain in 
peril.  
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Table 4.1 The multi-temporal satellite dataset used during the study 
YEAR 
Sensor 
(path and row) 
Spatial 
Resolution Spectral resolution ( m) 
1978 - Feb 22nd 
EROS data 
Center, Sioux 
Falls, SD. 
Landsat MSS- 2 
148path/41row 
148path/42 row 
60m 
Band 1 (B) 
Band 2 (G) 
Band 3 (R) 
Band 4 (NIR) 
0.49 - 0.52 
0.52 - 0.60 
0.63-0.69 
0.76 - 0.90 
1990 - Nov 24th 
EROS data 
Center, Sioux 
Falls, SD 
2004 -  Feb 6th 
2006 - Feb 24th 
GISTDA, 
Thailand 
Landsat TM -5 
138path/41row 
138path/42 row 
30m 
Band 1 (B) 
Band 2 (G) 
Band 3 (R) 
Band 4 (NIR) 
Band 5 (MIR) 
0.45 - 0.52 
0.52 - 0.60 
0.63 - 0.69 
0.76 - 0.90 
1.55 - 1.75 
2001 - Nov 20th 
EROS data 
Center, Sioux 
Falls, SD. 
Landsat ETM+ 
138path/41row 
138path/42 row 
30m 
Band 1 (B) 
Band 2 (G) 
Band 3 (R) 
Band 4 (NIR) 
Band 5 (MIR) 
0.45 - 0.52 
0.52 -0.60 
0.63 - 0.69 
0.76 - 0.90 
1.55 - 1.75 
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Table 4.2  Description of the broad land cover/land use types identified within the study area. 
Land Cover 
Type 
Description 
Dense Forest The dominant ‘Mixed Moist Deciduous Forests’ found within the region 
with dense ground and canopy cover was classified as primary forest 
Secondary 
Forest 
Secondary forests were relatively open with more deciduous species and 
monocultures of different tree plantations. Sal (Shorea robusta) and Teak 
(Tectona grandis) were some of the common species found within the 
secondary forest. 
Degraded Forest Degraded forests were primarily forested patches that have been 
encroached and felled, had high weed invasion, low ground and canopy 
cover and have been left unattended for a while. Some of the degraded 
forest patches had expansion of crop field within them 
Woodland Grasslands interspersed with primary woody and shrub species were 
classified as woodland 
Grassland Extensive patches of short or tall, coarse or thin grassland without any 
woody trees or woodland invasion 
Tea Estates 
(Tea) 
Plantations of tea shrub interspersed with Simul (Bombax sp), Sirish (Albizia 
sp) or other ornamental tree species. 
Village Land 
(VGL) 
Grasslands with very low grass cover and extensive grazing near the park 
boundaries were defined as bare village grasslands (VGL). For ease of 
analysis human settlement, bare ground, harvested crop field and grazing 
areas outside the reserve forest were merged into village grasslands. 
Cropland (Crop) Un-harvested active agricultural field with paddy, potato, vegetables or jute 
as the seasonal crop or permanent field of banana, simul and betelnut 
trees. Except paddy and jute fields, some of the crop field had the seasonal 
crop planted within their banana, simul or betelnut plantations. 
River Primary channel of the perennial rivers found within the region 
Floodplain or 
Riverbed 
Floodplain was separated from river or grassland by the presence of stone, 
gravel, sand bed, and very low cover of some perennial species of grasses 
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Fig. 4.1 Geographic location of the study area within Eastern Terai, India showing  
the landscape (Alipurduar Sub Division) and local (Jaldapara Wildlife Sanctuary)  
study extents along with the primary land use types and their boundaries. 
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Fig. 4.3 Distribution of land cover types within the Jaldapara Wildlife Sanctuary from 1978 
to 2006. 
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Fig. 4.4 Temporal variation in percent area under each land cover type within (a) 
Alipurduar, (b) Jaldapara from 1978 to 2006 and (c) the coefficient of variation in percent 
area under each land cover type for the landscape and local extent. 
 
     
 
 
 
 
 
 
 
 
 
Figure 3 Temporal variation in percent area under each land cover type 
within (a) Alipurduar and (b) Jaldapara from 1978 to 2006. 
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Fig. 4.5 Temporal variation in (a) percent area (mean) and (b) the coefficient of variation 
(CV) in percent change vs unchanged by each land cover type between Alipurduar landscape 
extent) and Jaldapara (local extent) from 1978 to 2006. 
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 Fig. 4.7 Temporal analysis of percent transition of pixels under dense forest to other  
 land cover types within (a) Alipurduar and (b) Jaldapara from 1978 to 2006 
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CHAPTER 5 
A SIMPLE MARKOV CHAIN ANALYSIS AND TEMPORAL ANALYSIS OF 
LAND COVER TRANSITIONS WITHIN EASTERN TERAI,  
INDIA OVER A 28 YEAR TIME PERIOD4 
Abstract  
 In this study we compared the temporal trajectories of land cover transitions inside 
the Jaldapara Wildlife Sanctuary (Jaldapara) with its surrounding larger landscape, the 
Alipurduar Subdivision (Alipurduar). The Alipurduar is a representative of the mosaic 
landscape characteristic of the Eastern Terai that has been subjected to extensive 
anthropogenic (cropland, human settlements etc.) and natural (flooding) disturbances. The 
transition matrices used in the Simple Markov Chain Analysis were obtained from five land 
cover maps representing periods between 1978 and 2006. This analysis was subsequently 
used to project the future distribution of the land cover types found within the Jaldapara and 
Alipurduar extents. The Torsa River, the major river flowing inside Jaldapara, changed its 
course during the flood of 1968.  We compared the variation in land cover transition 
between the historic and current floodplain to examine if a change in river course altered the 
trajectory of land cover change within the floodplains. In absence of any secondary data to 
determine the drivers of landscape change within Eastern Terai, the temporal analysis of 
transition matrices provided insights on the drivers of landscape change within the study 
area. 
 Our results showed increased probability of transition of natural land cover types to 
anthropogenic landcover types within Alipurduar from 1978 to 2006.  Land cover types had 
                                                
4 Coauthored by Tanushree Biswas, R. Douglas Ramsey, John A.  Bissonette and Jürgen Symanzik 
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higher probability of being converted to tea and crop than other land cover types within 
Alipurduar.  Among the forests, degraded forest had higher probability of being converted 
to tea than dense and secondary forest. Alipurduar had higher uni-directional and linear 
transitions among the land cover types between 1978 and 2006 than Jaldapara. Unlike 
Alipurduar, transition metrics within Jaldapara indicated evidence of linear (grassland  
forest) and cyclical (forest/woodland  grassland and riverbed  grassland) transitions. 
Dense forest and crop were the most stable land cover states within Alipurduar; while river, 
riverbed, grasslands, village land and woodland were the least stable within both study areas. 
Dense forest and riverbed were the most stable states within Jaldapara. Probability of 
transition to natural land cover types from other classes was higher inside Jaldapara as 
compared to Alipurduar.  Within the current floodplain, the probability of transition to river 
and riverbed increased consistently from 1978 to 2006. Within the historic floodplain, 
probability of transition to woodland and forest increased during the same period. Projection 
of Markov analysis predicted a decline in the area under dense forest (~15%) and an increase 
of crop (~35%), village land (~15%), and tea (~15%) within Alipurduar; decline of dense 
forest cover (40%) and increase of grassland (15%) within Jaldapara till 2020. 
 These results indicated a gradual decrease in forests within Alipurduar. Unless future 
land use and land management policies are directed towards protecting and restoring forests, 
most of the area within Alipurduar is likely to be converted to crop and tea. Future land 
management within Jaldapara should be directed towards reducing the conversion of dense 
and secondary forests to degraded forest and the restoration/maintenance of grasslands 
along the floodplains.  
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Introduction  
 Many studies within the tropics have confirmed habitat loss as the primary outcome 
of landuse and land cover change (LUCC) (Lambin 1997; Moran and Brondizio 1998; Geist 
and Lambin 2002; Read and Lam 2002; Southworth et al. 2002; Nagendra et al. 2004; Shao 
et al. 2005). Analyses of how habitat or land cover conversion patterns change over time 
assists in identifying relationships between landscape patterns and understanding the drivers 
of change (Forman 1995; Turner 1990; Brown et al. 2000).  Land conversion leads to altered 
landscape composition, ultimately altering landscape function and ecological processes.  
Despite the importance of landscape change and its influence on ecological processes, there 
have been only a handful studies exploring the pattern of change in India (Rao and Panth 
2001; Joshi et al. 2002; Nagendra et al. 2006; Sarma et al. 2008) and no studies have been 
found that address the trajectory or dynamics of change within the Eastern Terai.  
 The Eastern Terai is a mosaic of tall moist alluvial grasslands with cropland, human 
settlement, forest, and tea estates extending along the foothills of the Eastern Himalayas. 
The entire Indian Terai has been subjected to extensive land cover conversion since the 
introduction of green revolution in 1967 (Rahman 1976; Kang 1982; Atwal et al. 1984; 
Sharma 1991; Singh 1991; Brar 1999; Biswas and Mathur 2000). Despite rapid land use 
conversion, the Eastern Terai still has large patches of forests and grasslands that provide 
refuge to many endangered and threatened species (e.g., Asiatic one horned rhino, hog deer, 
hispid hare). Furthermore, the Eastern Terai is the primary cultivator and exporter of tea for 
India. Given the increased cultivation of tea and the persistent loss of forest and grassland, 
we are interested in studying the land cover dynamics within the region to evaluate the future 
of the remaining natural habitat. The primary focus of this paper, therefore, is to examine 
the landscape change dynamics (magnitude and direction); identify the land cover types that 
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contributed to change in the mosaic and project future changes within the Eastern Terai. We 
were also interested in examining if land cover change dynamics inside a protected area 
differed significantly from the surrounding unprotected landscape.  
 This analysis was achieved by comparing the land cover dynamics from a relatively 
large landscape, the Alipurduar Subdivision (Alipurduar) with a much smaller landscape, the 
Jaldapara Wildlife Sanctuary (Jaldapara) nested within Alipurduar, but managed as a wildlife 
preserve. This comparison led to evaluating changes in wildlife habitat inside a protected 
area with respect to the changes in the surrounding landscape to better understand future 
habitat availability. The Alipurduar landscape gave insight into the dynamics occurring across 
the entire Eastern Terai, while the local extent, Jaldapara, gave us an insight into the 
dynamics occurring inside a well-protected park within the Eastern Terai.  
While we hypothesize that anthropogenic influences were more prevalent across the 
Alipurduar landscape, natural disturbance from flooding common to this region was the 
primary agent of change within the Jaldapara that is otherwise protected from anthropogenic 
disturbances. The Torsa River is a primary drainage that flows through the Jaldapara. The 
monsoonal rains and subsequent flooding in 1968 significantly altered the course of the river 
creating a new floodplain. This alteration of the floodplain allows us to compare the land 
cover dynamics occurring between a current floodplain and a historic floodplain. We 
hypothesize that the change in river course altered the flooding regime inside Jaldapara and 
affected the direction of land cover change within the current and historic floodplain. 
Increased flooding along the current floodplain should lead to increased transition to river, 
riverbed and grassland, while reduced flooding along the historic floodplain should lead to 
increased transition to woodland and forest.  
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The primary objectives of this analysis were to examine 1) if landscape dynamics 
(structure, configuration, magnitude, and direction) inside the protected area (Jaldapara) differed 
from its surrounding landscape (Alipurduar) 2) If landscape dynamics changed or remained 
constant during the 28-year study period within both study extents 3) Which land cover 
types contributed maximally to the observed dynamics within both extents and finally 4) to 
predict expected changes in landscape dynamics based on observed patterns within Jaldapara 
and Alipurduar and evaluate their consequences. 
Methods 
Study area  
 The study was conducted within the Alipurduar Subdivision of the Eastern Terai 
which covers 2722 km2 and the Jaldapara Wildlife Sanctuary which occupies 216 km2 of the 
area within the Alipurduar.  The Brahmaputra Floodplain, popularly known as the Eastern 
Terai, is a fragmented landscape with a mosaic of grassland, forest, and woodland existing 
within an anthropogenic matrix of crop fields, human settlement, and tea estates. The 
protected areas within the landscape are home to various endangered and threatened species 
including the tiger (Panthera tigris), Asiatic one horned rhino (Rhinoceros unicornis), elephant 
(Elephus maximus), and Gaur (Bos gauras).  The area, therefore, is highly significant for 
maintaining the faunal biodiversity of the region.  Both study areas fall within the Lower 
Gangetic Plain Bio-geographical zone (Rodger et al. 2000) (Fig. 5.1). 
 Alipurduar is located between 26029’09”N and 26051’46”N latitude and 89005’37”E 
and 89054’24”E longitude within the Jalpaiguri district of West Bengal, India. It is a social, 
political, and ecological representative of the mosaic Eastern Terai landscape.  Alipurduar is 
characterized by a sub-tropical and humid climate with an average annual rainfall of 3736mm 
and a temperature maximum and minimum of 370C and 60C, respectively.  Elevation of the 
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region varies from 150m to 350m above mean sea level. It receives heavy rainfall during the 
monsoon season which causing annual flooding.  Most of the forest found within the region 
falls under either Tropical semi-evergreen, Tropical moist deciduous or Tropical dry 
deciduous forest types (Champion and Seth 1968).  The Buxa Tiger Reserve and Jaldapara 
Wildlife Sanctuary are two of the most prominent protected forests within the region retaining 
high biodiversity and a remnant population of Tiger, Elephant, and Rhino.  The Salkumar, 
Khair Bari, Chilapata, Mendabari, Kodalbasti, Titi, Bhutri, Bhalaka, Raidak, Dhumpara and Dhumchi 
are some of the remaining reserve forest found within the matrix of cropland and tea estates 
within Alipurduar.  The primary forests located across the foothills are mostly comprised of 
Sal (Shorea robusta) as the dominant species with Schimia wallichi, Terminalia tomentosa, 
Chukrassia tubularis, Lagerstomia pariviflora and Amoora species as sub-dominant associates. The 
riverine forest found along the river courses is primarily composed of Dalbergia sissoo and 
Acacia catechu and tall grasses dominated by Saccaharum spontenum, S. narenga, S arundecium. The 
lower foothill forests have seen significant impacts, but also have Sal as the dominant species 
with Cedrela toona, Bombax ceiba, Ailanthus grandis, Gmelina arborea, and Anthosephalus cadamba, as 
the associated species.  For this study, primary forest was identified as dense forest, riverine 
forest as woodland, and lower foothill forest as secondary forest due to their level of 
management and more open canopy.  Besides forest, tea, crop, and village settlements were 
the dominant land use type within the study area.   
 The Jaldapara Wildlife Sanctuary is a protected park within the Eastern Terai located 
between 25058’ N and 27045’ N latitude and 89005’ E and 89055’E longitude and is located 
within the Alipurduar sub-division. The sanctuary contains the largest tract of tall moist 
alluvial grassland in the region and provides refuge to many grassland specialist species 
including hog deer, rhino, and hispid hare. The grasslands found within the park fall under 
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the Low Alluvium Savanna Woodland and Eastern Alluvial grassland classification as 
defined by Champion and Seth (1968).  The climate of the park is humid with annual rainfall 
of more than 2000mm (Sudhaker et al. 1996).  The soil types within the sanctuary are alluvial 
with coarse gravel near the hilly northwest fringes and sandy clay to loam in the southern 
part of the park.  The topography is mainly flat except in the North West. The elevation 
varies from 150 to 600m above sea level. The Torsa River is the main river flowing through 
the sanctuary.  
Data sources  and research method 
 The data (Table 5.1) used in this research were derived from five satellite images 
spanning over 28 years with an un-equal temporal interval due to a lack of cloud free annual 
data over this region.  In order to reduce the seasonal variability of land cover, all images 
were selected from the late winter (December – February) that represents the dry season.  
Geo-referenced and geometrically corrected satellite images were obtained from the Landsat 
Regional Center (GISTDA) in Thailand (Landsat Thematic Mapper (TM) 1990, 2004, 2006) 
and the U.S. Geological Survey, Earth Resources Observation and Science (EROS) Center in 
Sioux Falls, SD (Enhanced Thematic Mapper (ETM) 2001; Multi-spectral Scanner (MSS) 
1978). All images were corrected for sensor variability and calibrated to spectral reflectance 
at the sensor using the ‘Cost Correction Model’ Chavez (1996).  All images were re-sampled 
to 60m spatial resolution to match the MSS imagery and normalized using a single image 
normalization (histogram adjustment) method (Jensen 2005).  Isodata clustering was used to 
generate 30 spectral clusters for each image which were merged into 10 land cover and land 
use classes.  Dense Forest, Secondary Forest, Degraded Forest, Grassland, Woodland, River 
and Riverbed were the broad natural land cover types while Tea Estates (Tea), Cropland 
(Crop) and Village land were the broad anthropogenic land use types (Table 5.2). Biswas et 
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al. (in preparation) provides a detailed account of the classification and accuracy testing 
method of the land cover maps using ERDAS Imagine 8.6.  
Analys is   
Temporal comparison of landcover transition matrices  
 Transition matrices were generated for the Alipurduar and the Jaldapara separately. 
There were 100 possible transitions among the 10 land cover types between any two 
temporal periods. Trend and pattern in land cover transition was examined using a pair-wise 
comparison of classified images to calculate percent transition among the ten land cover 
types. Pair-wise comparisons consisted of the 1978 and 1990, 1990 and 2001, 2001 and 2004, 
and 2004 and 2006 land cover maps.  
Markov Chain simulation of the transition matrices  
 Markov models are the most tractable form of stochastic mathematical models 
developed to date (Anderson and Goodman 1957) that represent a system of elements 
making a transition from one state to another over time.  In a true Markov process, the 
transition probabilities between states are constant over time (stationary or time 
homogenous, Binkley 1980; Usher 1981); the transition probabilities depend on the 
preceding state only and are independent of any previous transition (Markov property) 
(Hulst 1979; Lippe et al. 1985; Balzter 2000; Tucker and Anand 2005).  This characteristic of 
the Markov process has led to its application to landscape change studies (Bell 1974; Turner 
1987; Baker 1989; Muller and Middleton 1994; Brown et al. 2000; Weng 2002; Zang and Li 
2005; Dongjie et al. 2008).  The dynamic change between landscape units (land cover or land 
use categories) possesses Markov properties because: 1) within certain regions, different land 
use or land cover types may be transformed into each other; 2) mutual conversion between 
types includes many processes which are difficult to describe precisely; and 3) during a study 
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period, the average transfer rate of land use or land cover is relatively stable and in 
accordance with the requirements of a Markov Chain (Dongjie et al. 2008). 
 In landscape change studies, the elements of the transition matrix A can be 
parameterized from a time series of land cover maps extracted from satellite imagery by 
calculating the number of pixels that changed from state i in time, T1 to state j in time, T2 for 
k states.  However, it should be taken into consideration that a first order Markov Chain 
(MC) is non-spatial in nature and does not take into consideration the effect of 
neighborhood and underlying covariates in the transitions.  A more detailed and extensive 
spatial analysis of the transition matrices in summarized in Biswas et al. (2009).  The current 
analysis only provides a basic summarization of the overall change within the study area and 
how that translates into the future.  
 The 10 land cover types identified from the satellite data were the 10 land cover 
states (k): Dense Forest, Secondary Forest, Degraded Forest, Grassland, Woodland, Tea, 
Crop, Village Land, River, and Riverbed.  During this study we used four 10 x 10 transition 
matrices: A1 (1978 – 1990, 12 year time period), A2 (1990 – 2001, 11 year time period), A3 (2001 
– 2004, 3 year time period), and A4 (2004 – 2006, 2 year time period) (Table 5.4 and 5.5), to 
predict the changes in landscape composition within both the Alipurduar and Jaldapara 
study areas. If the matrices remained stationary, transition matrices over a larger time period 
(e.g., 1978 – 2006, 28 years) can be averaged over time to generate a ‘mean’ transition matrix. 
This, however will be at the cost of losing finer details at each transition between shorter 
periods of time. The aforementioned temporal analysis of the transition matrices was used to 
determine if they were stationary. 
 The first order MC analysis was used to describe future landscapes (steady state 
vectors) within both study extents. This analysis predicts future landscapes based on both 
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the magnitude and direction of change in percent area (PA) of each state. The initial state 
vector (S) for projecting PA was parameterized from pixel counts of land cover data. The 
prediction of future landscape composition for the 1st time period was compared to the land 
cover map generated from satellite imagery for the closest period to determine if they can be 
used to project future landscapes. For instance, we predicted the land cover conditions for 
2002 from the 1978 – 1990 (12-year) transition matrix (a 12-year matrix estimates conditions 
at the end of the subsequent 12 years). These results were compared to the 2001 land cover 
map generated from satellite imagery. We do not expect huge offsets between 2001 and 2002 
and expect some consistency between the years, and use available dataset to evaluate the 
relative accuracy of our projections. The prediction from the 2001 – 2004 (3-year) transition 
matrix for 2007 was compared to the 2006 land cover map. Using the MC analysis we also 
projected land cover to the year 2020 using the 2004-2006 (2-year transition) and also the 
2001-2004 (3-year transition) in order to compare results. We repeated this analysis to the 
year 2050 using the 1978-1990 and 1990-2001 matrices. We could not project land cover 
conditions using a combined later-year matrix (1990-2006) due to a detected instability in 
transition between the latter three matrices (A2, A3, and A4).  However, the transfer rates of 
cover types  between the A1 and A2 periods was relatively stable allowing us to merge these 
matrices into one matrix and use that to predict conditions in 2050.   
Results  
Landcover transi t ion within Alipurduar and  
Jaldapara between four temporal  per iods  
 Figures 5.2 and 5.3 show the temporal variation in distribution of land cover types 
within Alipurduar and Jaldapara, respectively.  
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Landscape transition within Alipurduar –  
 More than 50% of area under dense forest, tea, crop and riverbed within Alipurduar 
remained unchanged during each transition (Fig. 5.4). Except for dense forest, the highest 
proportion of change for all land cover types in 1978 was a conversion to crop in 1990.  The 
highest contribution was from village land. A total of 59.2% of village land in 1978 
converted to crop (9047.5 ha). Other transitions to crop included grassland (8402.4 ha, ~ 
36%), degraded forest (2247.4 ha, ~ 29%), and secondary forest (6043.68ha, ~ 24%).  This 
pattern of a majority transition to crop was consistent across all periods except for the 2004-
2006 matrix in which the woodland and grassland types showed a reduced conversion to 
crop as compared to their conversion to other types.  
Among the anthropogenic land cover types (tea, village land, and crop), village land 
was consistently converted to crop more frequently than the other types during each 
transition; tea was mostly converted back to dense forest and secondarily to crop between 
1978 and 1990, and degraded forest and crop between the other years. Except for the 1978 
and 1990 period, crop was primarily converted back to village land and tea with the percent 
conversion ranging from 10% to 18%.  The conversion of crop to village grassland and visa 
versa may be due to the increased level of classification error between these two types, but 
they both indicate an increase of human settlement within the region. An analysis of the 
accuracy of the 2006 land cover map shows that 58% of the error associated with village 
land was accounted for by a misclassification of crop.  From the point of view of crop, 33% 
of the error in the crop classification is attributed to a misclassification of village land and 
51% of the error in crop is attributed to a misclassification of tea. Therefore conversions 
between these anthropogenic types may not be as important as the transition matrices 
portray. However, the amount of error between anthropogenic land use types and the 
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natural land cover types averaged less than 5% with a maximum confusion between tea and 
degraded forest (44% of the error of the tea classification is attributed by degraded forest).  
Therefore, while future conversion between land cover and land use should be very 
dependable, the projections of land use changes to other land uses may not be dependable. 
 Second to crop, most land cover types in 1978 were primarily converted to tea in 
1990.  More than 20% of degraded forests (1578.6 ha) were converted to tea (classification 
error between degraded forest and tea is high however), followed by dense (9100.4 ha) and 
secondary forest (2280.9 ha) that comprised less than 10% of the area converted to tea 
between 1978 and 1990.  
Conversions to dense forests were primarily attributed to secondary forest, which 
consistently converted to dense forest during each transition (1978-1990: 29%, 1990 – 2001: 
27%, 2001 – 2004: 39%, 2004 – 2006: 30%).  There was, however a high degree of error 
between these two types. Tea, woodland, degraded forest, and grassland were other land 
cover types that converted to dense forest. Between 1978 and 1990, 2334.2 ha of tea 
(~23%), 1835.2 ha of woodland (17.4%), and 1287.3 ha of degraded forest (16.5%) were 
converted to dense forest. Grassland had a minor contribution to dense forest at less than 
6% for the same time period. A similar transition pattern was observed between 1990 and 
2001 suggesting that an 11–12 year period was sufficient for the regeneration of dense forest.  
After 2001, the percent conversion of degraded forest, woodland, grassland, tea, and 
riverbed to dense forest was less than 10%. This transition rate is understandable given the 
short time frame of the 2001-2004 and 2004-2006 periods.   
Dense and secondary forests were converted to degraded forest most frequently 
compared to other cover types during each transition. Less than 7% dense and secondary 
forest converted to degraded forest between 1978 -1990, and 1990-2001, followed by 10% 
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between 2001 and 2004, and the highest conversion happening between 2004 and 2006 
(~13%). Tea was also converted to degraded forest and the percent conversion of tea to 
degraded forest increased from 5% between 1978 and 1990 to 12% between 2004 and 2006.  
 In the 1978-1990 period, 19.5% of woodland (2056.6 ha), was converted to grassland 
as opposed to 6% of grassland (1043.6 ha) that converted to woodland during the same 
period. Grassland in 1978 showed the highest conversion to crop (~36%) in 1990 followed 
by village land (~12%), riverbed (~7.4%) and woodland (~6%) while only 4113 ha of 
grassland remained unchanged (~17%) between 1978 and 1990. Percent conversion of 
woodland to grassland was higher than percent conversion of grassland to woodland during 
each transition. Woodland, village land, crop, river and riverbed were the primary land cover 
types that were converted to grassland during each transition. Percent deforestation of 
dense, secondary and degraded forest to grassland was less than 5% during each transition. 
Percent conversion of other land cover types to grassland was considerably lower between 
2001 and 2004 compared to the other transition periods. Grassland was consistently 
converted to crop more frequently than other land cover types during each transition except 
for the 2001 and 2004 period when 21% of grassland (8581 ha) was converted to riverbed. 
This was followed by increased conversion of riverbed to grassland (18%) between 2004 and 
2006.  Between 1978 and 1990, 16% of river (~300ha), 9% of riverbed (963 ha) and village 
land (1308 ha) was converted to grassland in addition to the highest (~ 19.5%) conversion 
from woodland. Between 1990 and 2001, 23% of the area under river was converted to 
grassland followed by riverbed (17%), village land (~12%), woodland (9%), and crop (4%).  
Between 2004 and 2006 percent conversion of woodland to grassland was 32%, riverbed 
was 17%, river was 9%, village land was 7%, and crop was 2%. Though percent conversion 
of grassland to riverbed was higher than its conversion to river during each transition, both 
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river and riverbed had equal probability of being converted to grassland. Percent conversion 
of river to riverbed was consistently higher than percent conversion of riverbed to river 
during each transition.  
Land cover transition within Jaldapara  
 Within the Jaldapara Wildlife Sanctuary, more than 75% of area under dense forest 
remained unchanged between 1978 and 1990, 1990 and 2001, and 2004, and 2006 (Fig. 5.5). 
Between 2001 and 2004, only 67% of area under dense forest remained stable while the rest 
changed to other land cover types, with the largest area (22%, 1526.7 ha) changing to 
secondary forest.  Percent unchanged dense forest within Jaldapara was higher than 
unchanged dense forest within Alipurduar during each transition except 2001 and 2004.  
Second to dense forest, most of the area under crop (44%), riverbed (46%), and tea (23%) 
remained unchanged between 1978 and 1990; tea (55%) and riverbed (60%) between 1990 
and 2001; riverbed (67%), crop (53%) and grassland (44%) between 2001 and 2004; riverbed 
(63%) and crop (53%) between 2004 and 2006 remained unchanged.  
 Land cover types within Jaldapara were more frequently converted to dense forest, 
riverbed, or grassland compared to Alipurduar where land cover types underwent frequent 
transition to crop, dense forest, or tea.  Post 2001, the anthropogenic land cover types, tea 
and village land, were dominantly converted to crop.  Percent conversion of tea and village 
land to crop between 2001 and 2004 was higher than crop converting to tea and village land; 
The same pattern for crop was found in the 2004-2006 period. Percent conversion of 
different land cover type to dense forest was considerably higher between 1978 and 1990, 
1990 and 2001 than the following years.  
 Unlike Alipurduar, both dense and secondary forests were converted to degraded 
forest with equal probability. Only degraded forest was converted to crop more frequently 
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than the other land cover types until 2001.  The area under tea in Jaldapara increased from 
50 ha in 1978 to 287 ha in 2006, with degraded forest and crop being converted to tea more 
consistently than other types during each transition with maximum conversion occurring 
between 2001 and 2004. 
 Unlike Alipurduar where most of the area under tea remained stable or was 
converted to crop, the area under tea in Jaldapara was primarily converted to dense and 
secondary forest between 1978 and 1990, and dense forest between 1990 and 2001. A 
smaller portion of the tea areas was converted to woodland (~15%) between 1978 and 1990.  
Post 2001, the area under tea was more frequently converted to degraded forest, crop and 
village land.  Unlike Alipurduar, where tea rarely got converted to grassland, the area under 
tea in Jaldapara was converted to grassland with percent conversion increasing significantly 
from less than 1% between 1978 and 1990, 8% in 2004, and 10% between 2004 and 2006.  
Close examination of the land cover maps in 2004 and 2006 showed a decline of tea along 
the current floodplain in the east.  
 In Alipurduar the grassland was frequently converted to crop, village land, or tea. 
Within Jaldapara, grasslands were rarely converted to tea or crop.  Grassland within 
Jaldapara was more consistently converted to woodland and riverbed than to other types 
except between 1978 and 2001 when grassland were also converted to dense forest.  Post 
2001, percent conversion of grassland to forest (dense, secondary or degraded forest) was 
reduced to less than 2% further confirming 2-3 years to be insufficient for reforestation. 
Percent conversion of grassland to woodland and woodland back to grassland was 
considerably higher within Jaldapara than Alipurduar.  Also, percent conversion of woodland 
to grassland was higher than grassland changing to woodland during each transition.   
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Village land was more frequently (> 30%) and consistently converted to grassland. 
This was followed by riverbed and woodland with the exception of the 2001 and 2004 
period where more area under village land was converted to crop than grassland or 
woodland.  Likewise, percent area that changed from crop to grassland within Jaldapara was 
higher than within Alipurduar and the pattern was consistent with each transition.  Besides 
grassland most area under crop changed back to village land or degraded forest within a 2 or 
3 year temporal period. Both grassland and woodland had higher probability of being 
converted to riverbed than river during each transition. Over a longer temporal period 
(1978-1990, 1990 -2001) both river and riverbed had equal probability of being converted to 
grassland but during the shorter temporal period (2001 – 2004, 2004 – 2006) riverbed had a 
higher probability of being converted to grassland compared to river.  Unlike Alipurduar, 
where some parts of river and riverbed were converted to crop or village land, river and 
riverbed within Jaldapara either remained unchanged or were predominantly converted to 
grassland. 
Temporal variability in transition between APD and JWS  
 (a) Dense forest - The probability of transition of dense forest to degraded forest increased 
slightly inside Jaldapara with time, but was relatively static across the Alipurduar (Fig. 5.6a 
and 5.6b).  Likewise, the probability of transition of dense forest to grassland and woodland 
was higher inside Jaldapara than across the Alipurduar and the temporal pattern inside 
Jaldapara was also more inconsistent. These changes occurred inside the park mostly along 
the river and riverbed. Among the anthropogenic land cover types, probability of transition 
of dense forest to crop and tea was considerably higher across the Alipurduar than inside the 
Jaldapara; the probability decreased from 1978 to 2006. Except for tea, all other transitions 
between dense forest and the other land cover types was less than 0.1.  
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(b) Degraded Forest – The probability of transition from degraded forest to other land cover 
types (Fig. 5.6c and 5.6d) ranged between 0.1 to 0.4 across the Alipurduar and between 0.1 
and 0.6 inside Jaldapara. Probability of conversion of degraded forest to crop and tea was 
considerably higher in the Alipurduar (0.2 – 0.4) than the Jaldapara (< 0.1).  Inside Jaldapara, 
probability of transition to dense forest, grassland and woodland was higher than the 
Alipurduar. The transition patterns were inconsistent in Jaldapara as opposed to a consistent 
decline observed across the Alipurduar. Degraded forest had higher probability of being 
converted to anthropogenic land cover types (0.2 – 0.4) in the Alipurduar than to natural 
land cover (0.5 – 0.1).  
(c) Grassland and Woodland – The probability of transition from grassland and woodland to 
other land cover types ranged between 0.05 to >0.4, with higher probability of them being 
converted to natural land cover types inside Jaldapara (0.2 to 0.4) as compared to Alipurduar 
(0.05 to 0.2) (Fig. 5.7, a–d).  Across the Alipurduar, grassland had a higher probability of 
being converted to village land and crop; this probability decreased for crop and increased 
for village land from 1978 to 2006 (Fig. 5.7a).  Grassland also had higher probability of being 
converted to riverbed and this pattern was consistent across both study areas with maximum 
conversion occurring between 2001 and 2004 (Fig. 5.7b).  Maximum conversion of grassland 
to crop occurred between 1978 and 1990.  Woodland had a higher probability of being 
converted to tea, village land, crop and grassland in the Alipurduar (Fig. 5.7c), with a 
consistent increase until 2004 and a slightly higher gain in 2006. Inside Jaldapara, the 
transition among grassland, woodland and forest was higher than for other land cover types 
(Fig. 5.7b and 5.7d).  
(d) River and Riverbed – Probability of transition of river to other land cover types differed 
between the study extents, with a higher transition to crop and village land across the 
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Alipurduar (Fig. 5.7e), and grassland and riverbed (Fig. 5.7f) inside Jaldapara. The pattern 
was similar for riverbed (Fig. 5.7g and 5.7h).  
(e) Village land, Crop and Tea - For the anthropogenic classes, the probability of transition of 
village land to crop was higher across the Alipurduar (0.6 – 0.4) compared to Jaldapara (< 
0.2) (Fig. 5.8a and 5.8b).  Inside Jaldapara, village land had a higher probability of being 
converted to grassland than to anthropogenic classes (Fig. 5.8b). Probability of transition of 
crop to natural land cover types was lower across the Alipurduar and the probability of 
transition to anthropogenic types increased consistently through time (Fig. 5.8c). Inside 
Jaldapara, the transition of crop to natural land cover types was higher, with highest 
transition occurring between 1990 and 2001 (Fig. 5.8d). Likewise, probability of transition of 
tea to other land cover types differed between the study extents, with transition to forest 
gradually decreasing outside Jaldapara (Fig. 5.8e). Transition of tea to degraded forest and 
crop increased outside Jaldapara. Inside Jaldapara (Fig. 5.8f), though tea was converted to 
forest in the past (1978-2001), in more recent years, their probability of transition to 
degraded forest, village land and crop was higher. 
Temporal variation in transition between the current and historic floodplain  
 Results from the historic floodplain (Fig. 5.9) showed an increase of dense forest 
between 1978 and 1990, and 1990 and 2001, an increased transition of grassland to 
woodland and village land during more recent years (2001-2004, 2004 -2006), and an equal 
but higher transition between woodland and grassland during the same periods.  Transition 
of grassland to dense and secondary forest decreased after 2001.  In general, there was an 
increased transition of secondary forest to degraded forest and from degraded forest to 
grassland and woodland. There was a decreased transition of village land to crop, increased 
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transition of crop to grasslands and river and riverbed showed an increased transition to 
grassland. 
 Results from the current floodplain (Fig. 5.10) showed a transition of degraded forest 
and crop to tea between 1978 and 1990 and 2004 and 2006, and higher transitions to dense 
forest in the initial years compared to the latter years.  There was also an increased transition 
of river to riverbed. Unlike the historic floodplain we observed a consistent increase in river 
and riverbed along the current channel. Transition of grassland and woodland to forest 
(dense and secondary) along the current floodplain was considerably lower than the historic 
channel.  Furthermore, we observed an increase of grassland along the current channel due 
to consistent transitions from riverbed, river, village land, and woodland.  
Markov analys is  o f  landscape change  
This analysis showed that the transition matrices were not stationary, and hence we 
cannot use a 28 year transition matrix (1978-2006) to project future landscape composition. 
Lack of stationarity in transition matrices suggests a change in the pattern of transitions over 
time. Therefore the MC analysis was conducted using each transition separately to project 
future change in percent area (PA) among land cover type within the Alipurduar and 
Jaldapara study areas. Table 5.3 shows the predicted landscape composition using the MC 
projection.  
 Results of the prediction when compared with the temporally closest land cover map 
could only be done for the 2002 and 2007 predictions generated by the 1978-1990 and 2001-
2004 analysis respectively.  We compared these two predictions to the 2001 and 2006 land 
cover maps.  Results showed an overall average deviation of less than 1.5% in the area 
occupied by each cover type.  The 2007 prediction of the Jaldapara when compared to the 
2006 land cover map had the highest average deviation of 2.25%.  The 2007 prediction of 
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the Alipurduar when compared to the 2006 land cover map had the lowest average deviation 
of 0.96%. 
Since we found that the overall land cover transitions between the 1978 and 1990 
and the 1990-2001 periods were more consistent than the 2001-2004 and 2004-2006 
transitions, and that the MC analysis tends to saturate after 3 time steps, we used the longer 
duration transition matrices to predict changes to 2050.  The smaller duration transition 
matrices were to project changes of the near future (2020). Predictions from the two year 
transition matrix were closest to the observed dataset in 2006. Figure 11 shows the projected 
landscape composition within both the study extents using these matrices.  
Predicting landscape composition within Alipurduar  
 Crop was the dominant land cover type within Alipurduar and was predicted to 
remain so from each transition. Based on the longer transition matrices 1978-1009, and 
1990-2001), crop was predicted as the dominant land cover type followed by dense forest 
and tea. However, using the latter, but shorter transition matrices (2001-2004 and 2004-
2006), tea is predicted as the dominant land cover type next to crop.  
 According to the MC model, percent area under tea was predicted to be 10% if the 
transition probability between 1978 and 1990 persisted; or at 15% if the transition 
probability between 1990 and 2001 persisted. Projections from the more recent transition 
matrices also predicted the percent area under tea to be 15%, indicating a level of confidence 
for the prediction of tea within the landscape. Percent area under dense forest, crop and 
village land changed between the long and short transition matrices. The predicted trends 
suggest no significant change in the conversion of the different land cover types to tea after 
2001 as opposed to significant change in percent transition of the different land cover types 
to dense forest, village land and crop after 2001.  Crop is predicted to comprise 35% of the 
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future landscape, followed by dense forest, tea, and village land comprising 15% each, 
secondary forest (~10%), degraded forest, grassland, riverbed (~5% each), woodland and 
river comprising less then 2% of the landscape. Except for dense and secondary forests, the 
predicted percent area of the other land cover types from 2001-2004 and 2004 – 2006 
remained unchanged. 
Predicting landscape composition within Jaldapara   
Alipurduar, the predicted trend within Jaldapara was more consistent irrespective of 
the temporal gap between the transition matrices.  Dense forest was predicted to be the 
dominant land cover type with its area dropping from 50% as predicted by the 1978-1990 
matrix to 40% as predicted by the 2004 – 2006 matrix.  Except for dense forest and riverbed, 
predicted percent area under the other land cover types within Jaldapara did not change 
between 2001 -2004 and 2004-2006.  
 The models predicted dense forest would comprise 40% of the landscape followed 
by grassland occupying ~15%; secondary forest, riverbed and woodland would comprise 
10% each, while degraded forest, tea, crop, village land and river would each comprise less 
than 5% of the landscape. The decline in dense forest from 50% to 40% (Fig. 5.11) is 
supported by increased conversion of dense forest to secondary and degraded forest during 
each transition (Fig. 5.5).  Increase in percent area under degraded forest is supported by the 
increased conversion of tea, village land, crop and dense forest to degraded forest.  The 
sudden drop in dense forest in the transition matrix between 2001 and 2004 was due to a 
decline in the change of grasslands, woodland, tea and crop to dense forest after 2001 as 
opposed to transition between 1978-1990 and 1990-2001. Likewise, increased conversion of 
grassland and river to riverbed between 2001 and 2004 led to a sudden increase in the area 
under riverbed (Fig. 5.5 and 5.10). These transitions are in agreement with the changes 
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observed in the field (personal observation 2001 and 2002) and the flood of 2001 that 
widened the current river channel. Predicted percent area of riverbed and dense forest 
suggest a considerable change in the transition of land cover types to riverbed and dense 
forest between 2001-2004 and 2004-2006. Therefore averaging these transition matrices to a 
longer period of time would violate the assumption of stationarity to predict change over a 
longer duration.  
Discussion  
 Examination of landscape dynamics simultaneously across both landscapes showed 
that transition of natural land cover types to anthropogenic land cover types was higher 
between 1978 and 2001 than after 2001. Most land cover types were consistently converted 
to crop and tea in the Alipurduar as opposed to the Jaldapara that retained most of its dense 
forest. Thus indicating that overall rate of land conversion has slowed down but has not 
stopped with more consistent and directed conversion to anthropogenic land uses since 
2001. Our results confirm the effect of increased flooding on land cover transition toward 
grasslands, woodland, river and riverbed along the current channel, and the transition away 
from grassland, woodland, and forest along the historic channel due to reduced flooding. 
Future projections from MC simulation indicate higher likelihood that Jaldapara will retain 
the remaining forest. The increase and dominance of crop and tea was evident in the 
Alipurduar.  Future studies, with more data points between 1978 and 2001 should provide 
more insights on the historical pattern of transition among land cover types. It will help us to 
identify the drivers and reasons behind the change in transition probability between 1978-
2001 which represented our two longest duration periods. Since the distribution of future 
states from a first order Markov analysis is independent of the initial state and determined by 
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the most recent transition, we expect the future distribution of land cover types to be best 
predicted by the most recent transition matrix, 2004 – 2006. 
 Changes in land cover within the Alipurduar suggest a loss of heterogeneity and 
homogenization of the landscape to anthropogenic land cover types (crop and tea).  In a 
recent study by Nagendra et al. (2009) the authors observed a similar trend in the rest of the 
Jalpaiguri district in north Bengal.  The overall increase of tea estates led to an increased tree 
cover within the region, with forest remaining isolated and fragmented within the growing 
human landscape with crop, tea plantations, agriculture and human settlement. The authors 
compared landuse change within a sanctuary with the surrounding reserve forest and 
unprotected mosaic of public land. Their results indicated differences in the extent and 
spatial pattern of forest change in these three zones corresponding to different governance, 
protection and accessibility. While we observed an overall decline in forest and increased 
transition of forest to human land cover types within the larger landscape they observed 
regrowth within the reserve forest (Baikunthapur Reserve Forest and Mahananda Wildlife 
Sanctuary) boundaries, similar to the pattern observed within Jaldapara, with substantial 
clearing or loss of forests towards the periphery. Though they did not quantify the type of 
changes occurring within the surrounding landscape, both of these studies established that 
the demarcation of park boundaries led to retention of more stable forest patches and 
natural transitions inside the boundaries.  
 The entire north Bengal landscape (Jalpaiguri District) exists as a mosaic of 
grassland, woodland, forest, agriculture and human settlement, with different levels of 
governance (wildlife sanctuaries, reserve forests, public lands). Both studies indicated forest 
loss with small gains within the sanctuaries and reserve forest boundaries. The current study 
supports provided evidence that forest re-growth as claimed by policy makers and 
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bureaucrats within the region (Nagendra et al. 2009) are basically observed due to the 
transitions occurring among the natural land cover types inside the protected areas. It 
indicated that in order to re-gain real area under forests there has to be focused efforts 
towards retaining the unchanged forests and simultaneous reduction of future transitions of 
forest to tea and crop, more particularly to tea. In southern West Bengal (Pattnaik and Dutta 
1997) Eco-Development (ED) and Joint Forest Management (JFM) approaches were found 
to be successful in forest regeneration. A similar approach, if initiated within this region, is 
likely to reduce future anthropogenic transition and homogenization of the landscape.  
 Re-growth or recovery of forest within the region, like other tropical areas, is linked 
to regaining bio-diversity, and more particularly to increased connectivity among the forest 
patches (Lambin et al. 2003). Besides providing increased cover for the large free-ranging 
Asian wild elephants, gain in forest cover is expected to have a direct impact on the regional 
climate as well. During this study we observed that mere maintenance of protected area 
boundaries does not maintain overall landscape patterns, especially since human pressure in 
the surrounding landscape continues to increases (Defires et al. 2007), disrupting ecological 
processes and the maintenance of ecosystem services (Hansen and Defries 2007).  
 Our study shows that unless further conversion of natural land cover types to 
anthropogenic land cover types is limited or restricted the Alipurduar region will be left with 
30% forest cover or less. This would translate to increasing animal-human conflict within the 
region (Venkataraman et al. 2005; Nagendra et al. 2009). Our analysis suggests that within 
Alipurduar, secondary forest, degraded forest, woodland and grassland contributed 
maximally to the homogenisation of the landscape to crop, tea or village land. Thus, 
initiation of localized JFM or ED activities among the local communities surrounding the 
degraded and secondary forest will reduce future anthropogenic transitions and assist in 
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recovering ecosystem services. We also believe that land use policies directed towards the 
restoration and conservation of the remaining grassland, woodland, secondary and degraded 
forest will lead to a gain in forest cover within the entire landscape. Unlike Jaldapara, the 
increase of village land within Alipurduar is primarily related to an increase of human 
settlement which is supported by an increase in human population between 1992 and 2001.  
Be it village land, tea, or crop unless the land use policies within the region are evaluated, 
land conversions observed within Alipurduar during this study is likely to reduce the 
probability of survival of the species endemic to the region, increase human-elephant 
conflict, and reduce biodiversity.  
 Given the importance of tea in the homogenization of the landscape, we strongly 
recommend an in-depth analysis and examination of the links between the growth of tea 
industry and landscape change within the region. Available secondary information and 
results of the present study is suggestive of a strong correspondence in the growth of tea 
industry and forest loss within the region. Further research and examination is essential to 
understand, if more recent transition of tea to degraded forest (2004 – 2006), is related to 
abandoned tea estates observed between 2006 and 2007 and corresponding to the collapse 
of the tea industry (Tea Board of India 2009, www.teaboard.gov.in). The transitions 
observed within the study area leaves room for questions relating to the transition of 
abandoned tea estates to forest? Would it be ecologically more beneficial to let the 
abandoned tea estates regenerate to forest, converted to cropland, or maintained as tea 
estates?  Will conversion of degraded forest to dense or secondary forest increase the forest 
cover substantially within the region, reducing isolation of forested patches within an 
anthropogenic matrix? With the increasing human population how best can we plan future 
land conversion to human settlement (village land) without contributing to a further loss of 
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forested and natural land cover types?  Can we determine the ecological cost and ecosystem 
services that can be obtained from other land cover types such that conservation and 
protection of the remaining grassland, woodland, secondary and degraded forest can be 
easily mediated within the region among the policy makers and other stake holders?  Given 
the need to accommodate the growing population, it is quite unlikely to expect the 
restoration of cropland and flourishing tea estates to forested patches. However, restricting 
the conversion of grassland or woodland to village land and crop; increased conversion of 
degraded forest to dense or secondary forest is likely to reduce further forest loss and 
homogenization of the landscape. 
 Unlike Alipurduar, which faces the challenge of homogenization of the landscape,  
land cover transitions inside Jaldapara provide evidence of natural succession and 
redistribution and potential loss of grassland to woodland or dense and secondary to 
degraded forest as flooding regimes change. We further need to evaluate if the conversion of 
dense and secondary forest to degraded forest is evidence of impacts due to flooding or 
anthropogenic disturbance. Due to its location within the Torsa floodplain, with flooding as 
the primary disturbance, there was sufficient evidence of cyclic succession of grassland to 
woodland and back to grassland as opposed to linear succession in an otherwise stable 
ecosystem without annual disturbance from flooding. More frequent examination of land 
cover transitions along the current and historic floodplain from satellite data will provide 
additional evidence towards the establishment of cyclic transition within the floodplain.  
 Unlike Alipurduar, where future land use policies need to be focused on the natural, 
but non-dense forest classes in order to increase dense forest cover, within the Jaldapara 
focused attention is required towards the restoration of grasslands from village land, crop, 
and tea.  Inspite of the protected status of the sanctuary, some of the areas within the park 
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were converted to tea estates near the eastern boundary of the park.  Some of the areas 
under tea-estates along the Torsa River were eventually lost to riverbed or river during the 
annual floods and were eventually converted to grassland. Within Jaldapara or other 
protected areas within the region management and conservation measure should be directed 
towards reducing the extent of degraded forest and restoring grasslands.  
Conclusions  
 We conclude that the simultaneous examination of landscape dynamics within two 
spatially linked landscapes provided insight on the potential drivers of change within the 
region in general.  Management pressures were distinctly different between our two 
landscapes.  Inside protected areas, efforts should be directed towards restoration of 
grasslands, and forest. The forest of north Bengal (Alipurduar or Jaldapara) provides refuge 
to mega-herbivores like Gaur and Elephant that need dense forest either for forage and 
cover, and also for carnivores like tiger and leopard, which need dense forest for cover and 
grassland for their prey base. Thus, managing transitions to and from these classes will 
eventually assist in conserving these species within the region. 
 Outside the protected area boundaries, however the region faces challenges from 
loss of forest and homogenization of the landscape to tea and crop. Unless land cover 
transitions are specifically directed towards conversion to dense forest by conscious 
participation of local communities, the region is likely to undergo further loss in natural 
cover.  Unless current conservation and land management strategies within the region realize 
the need to manage the entire landscape mosaic of different natural land cover types to 
improve the overall forest cover, current transition patterns suggest the homogenization of 
the landscape to anthropogenic land cover type, which is likely to have more damaging 
ecological consequences in future.  
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Table 5.1. The multi-temporal satellite dataset used during the study 
YEAR Sensor  (path and row) 
Spatial 
Resolution Spectral resolution ( m) 
1978 - Feb 22nd 
EROS data 
Center, Sioux 
Falls, SD. 
Landsat MSS- 2 
148path/41row 
148path/42 row 
60m 
Band 1 (B) 
Band 2 (G) 
Band 3 (R) 
Band 4 (NIR) 
0.49 - 0.52 
0.52 - 0.60 
0.63-0.69 
0.76 - 0.90 
1990 - Nov 24th 
EROS data 
Center, Sioux 
Falls, SD. 
2004 -  Feb 6th 
2006 - Feb 24th 
GISTDA, 
Thailand  
Landsat TM -5  
138path/41row 
138path/42 row 
30m 
Band 1 (B) 
Band 2 (G) 
Band 3 (R) 
Band 4 (NIR) 
Band 5 (MIR) 
0.45 - 0.52 
0.52 - 0.60 
0.63 - 0.69 
0.76 - 0.90 
1.55 - 1.75 
 
2001 - Nov 20th 
EROS data 
Center, Sioux 
Falls, SD 
 
Landsat ETM+ 
138path/41row 
138path/42 row 
30m 
Band 1 (B) 
Band 2 (G) 
Band 3 (R) 
Band 4 (NIR) 
Band 5 (MIR) 
0.45 - 0.52 
0.52 -0.60 
0.63 - 0.69 
0.76 - 0.90 
1.55 - 1.75 
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Table 5.2  Description of the broad land cover/land use types identified within the study area. 
Land Cover 
Type 
Description of the prominent land use or land cover identified from satellite 
imageries and verified in field. 
Dense 
Forest 
The dominant ‘Mixed Moist Deciduous Forests’ found within the region with 
dense ground and canopy cover was classified as primary forest 
Secondary 
Forest 
Secondary forests were relatively open with more deciduous species and 
monocultures of different tree plantations. Sal (Shorea robusta) and Teak (Tectona 
grandis) were some of the common species found within the secondary forest. 
Degraded 
Forest 
Degraded forests were primarily forested patches that have been encroached and 
felled, had high weed invasion, low ground and canopy cover and have been left 
unattended for a while. Some of the degraded forest patches had expansion of 
crop field within them 
Woodland Grasslands interspersed with primary woody and shrub species were classified as 
woodland 
Grassland Extensive patches of short or tall, coarse or thin grassland without any woody 
trees or woodland invasion 
Tea Estates 
(Tea) 
Plantations of tea shrub interspersed with Simul (Bombax sp), Sirish (Albizia sp) or 
other ornamental tree species.  
Village 
Grassland 
(VGL) 
Grasslands with very low grass cover and extensive grazing near the park 
boundaries were defined as bare village grasslands (VGL). For ease of analysis 
human settlement, bare ground, harvested crop field and grazing areas outside 
the reserve forest were merged into village grasslands.  
Cropland 
(Crop) 
Un-harvested active agricultural field with paddy, potato, vegetables or jute as 
the seasonal crop or permanent field of banana, simul and betelnut trees. Except 
paddy and jute fields, some of the crop field had the seasonal crop planted 
within their banana, simul or betelnut plantations.  
River Primary channel of the perennial rivers found within the region  
Riverbed Riverbed was separated from river or grassland by the presence of stone, gravel, 
sand bed, and very low cover of some perennial species of grasses 
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Fig. 5.3 Change in distribution of land cover type within Jaldapara from 1978 to 2006 
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 Fig. 5.4 Variation in percent transition from the land cover type along x-axis to land  cover  
types along y-axis within Alipurduar from (a) 1978 to 1990, (b) 1990 to 2001, (c) 2001 to 
2004 and (d) 2004 to 2006. 
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Fig. 5.5 Variation in percent transition from the land cover type along x-axis to  
land cover types along y-axis within Jaldapara from (a) 1978 to 1990, (b) 1990 to 2001,  
    (c) 2001 to 2004 and (d) 2004 to 2006. 
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Fig. 5.6 Temporal variation in probability of transition of Dense forest (a, b) and Degraded 
forest (c, d) to other land cover types between the Protected area, JWS (Local) and outside 
the protected within APD (landscape) extent. 
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Fig. 5.8 Temporal variation in probability of transition of VGL (a, b), Crop (c, d) and  
Tea (e, f) to other land cover types between the Protected area, JWS (Local) and outside  
the protected within APD (landscape) extent. 
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Fig. 5.9 Variation in percent transition from the land cover type along x-axis to land  
cover types along y-axis within the historic floodplain inside Jaldapara from (a) 1978  
to 1990, (b) 1990 to 2001, (c) 2001 to 2004 and (d) 2004 to 2006 
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Fig. 5.10 Variation in percent transition from the land cover type along x-axis to land cover 
types along y-axis within the current floodplain inside Jaldapara from (a) 1978 to 1990, (b) 
1990 to 2001, (c) 2001 to 2004 and (d) 2004 to 2006 
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CHAPTER 6  
COMPARING LANDSCAPE FRAGMENTATION WITHIN THE EASTERN 
TERAI, INDIA BETWEEN TWO SPATIAL EXTENTS5 
Abstract 
 We compare landscape fragmentation between the Jaldapara Wildlife Sanctuary and 
the surrounding Alipurduar Subdivision, located within the Eastern Terai of India. Our 
objective was to examine if patterns observed inside a protected area differed from regional 
patterns and to identify metrics that provide an assessment of fragmentation within the 
region.  
 Percent Land (PLAND), mean patch size (MPS), patch density (PD), Largest Patch 
Index (LPI), Normalized landscape shape index (NLSI), Contrast weighted Edge Density 
(CWED), Contiguity, Proximity, Contagion or (CLUMP), and Shannon Evenness (SHEI), 
were measured from a temporal series of land cover maps generated from satellite imagery 
collected in 1978, 1990, 2001, 2004, and 2006. Temporal analysis of these metrics quantified 
the variation in landscape composition, configuration, and texture among the land cover 
types within both landscapes.  
 Results clearly indicate intensive fragmentation within Alipurduar as compared to 
Jaldapara. PLAND, PD, MPS, LPI, Proximity and CLUMP provided unique information on 
the spatial pattern of fragmentation at the land cover class level. CWED, Contiguity, 
Contagion, SHEI provided additional information on the spatial nature of fragmentation at 
the landscape level. MPS of dense forest decreased from 60ha in 1978 to 25ha in 2006 as the 
landscape within Alipurduar transitioned to crop.  Though area under dense forest decreased 
                                                
5 Coauthored by Tanushree Biswas, R. Douglas Ramsey, John A. Bissonette and Jürgen Symanzik 
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within both extents, it remained as the dominant land cover type within Jaldapara with the 
largest MPS (45ha). Though PLAND under crop and tea increased within Alipurduar, a 
decline in their MPS suggests increase of smaller tea estates and cropland. Proximity of 
village land increased within Alipurduar as PLAND and MPS of village land increased. PD 
of village land, tea and degraded forest increased while that of dense forest and grassland 
decreased within both extents. Decrease of PD in dense forest and grassland meant 
dissolving of patches; clustering of remnant patches indicating increased fragmentation as 
their PLAND decreased. As fragmentation increased, Contagion, PD, and Proximity 
decreased; MPS, Contiguity, CWED and SHEI increased at the landscape level within both 
extents. This led to homogenization of the Alipurduar landscape creating an anthropogenic 
matrix with smaller and more number of tea and crop patches, indicating fragmentation. 
Introduction  
 Habitat loss and fragmentation has been recognized as major driver behind declining 
biodiversity and a dominant trajectory of change in most human dominated regions (Noss 
and Cooperrider 1994). It directly or indirectly influences the maintenance of a mosaic of 
patches varying in resources within a landscape (Ritters and others 2000). This variability is 
believed crucial in maintaining species population and genetic flow within a landscape 
(Forman 1995). Though fragmentation is a landscape level process it occurs at a patch level 
where contiguous habitat is progressively divided into smaller, geometrically complex and 
more isolated fragments (McGarigal and McComb 1999). Fragmentation leads to change in 
landscape composition, structure and function. It has been identified as one of the primary 
outcomes of landuse and land cover change (LUCC) within the tropics (Lambin 1997; 
Moran and Brondizio 1998; Geist and Lambin 2002; Read and Lam 2002; Southworth and 
others 2002; Nagendra and others 2004). Analyses of how these patterns change over time 
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assists us in identifying relationships between landscape patterns and understanding the 
drivers of change (Forman 1995; Turner 1990; Brown and others 2000).  
 There has been extensive use (Gardner and others 1987; Robbins and others 1989; 
Chuvieco 1999; Diaz and others 2000; Griffith and Mather 2000; Ritters and others 2000; 
Southworth and others 2002; Dardanelli and others 2006), evaluation (Riitters and others 
1995; Hargis and others 1998; Gustafson 1998; Tischendrof and Fahrig 2000; Tischendorf 
2001; Li and Wu 2004) and development of various landscape metrics (Turner and Gardner 
1991; Li and Reynolds 1993, 1995; Gustafson and Parker 1992; Gustafson 1998; McGarigal 
and others 2002) to examine landscape change. Despite the importance of fragmentation 
and its influence on ecological processes, very few studies in India have focused their 
analysis on fragmentation (Nagendra and others 2006, 2009). 
In the previous chapters (4 and 5) we observed losses of natural (forest and 
grassland) land cover types, a gain in anthropogenic land cover types (tea estates and crop), 
and consistent directional conversion of natural land cover types to anthropogenic classes 
within the Eastern Terai.  The primary focus of this paper is to describe the spatial pattern of 
fragmentation within the region by using some of the more prominent landscape metrics 
(McGarigal and others 2002).  
We were also interested in examining if landscape dynamics inside a protected area 
(PA) differed significantly from regional patterns within the Eastern Terai. This was 
addressed by examining fragmentation both inside a PA, the local extent and outside the PA, 
the landscape extent. The larger landscape extent gave insight to the dynamics occurring 
within the region, while the local extent gave insight to the dynamics occurring within a well 
protected park within the region. The Jaldapara Wildlife Sanctuary (215 km2), a protected 
park situated on the foothills of the Eastern Himalayas in the Alipurduar Sub-Division of the 
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Jalpaiguri District in West Bengal, and on the bank of river Torsa was the local scale of 
investigation. The Alipurduar Subdivision (2722.01 km2) was the landscape extent of 
investigation within the Eastern Terai (215,152 km2).  Hereafter ‘Jaldapara’ indicates the local 
extent while ‘Alipurduar’ indicates the landscape extent.  
 During this study we examine landscape dynamics within the Eastern Terai by 
evaluating the change in class and landscape metrics within both extents. The primary 
objectives of this analysis were to examine 1) if landscape dynamics (structure, configuration, and 
composition) inside a protected area (the local extent) differed from the surrounding landscape? 
2) If landscape dynamics changed during a 28-year period within both study extents or if 
they remained constant? 3) To predict expected changes in landscape dynamics based on 
observed patterns within the protected area and the larger landscape and examine their 
consequences; And finally 4) to suggest metrics that would adequately describe different 
aspects of fragmentation within the region. 
Study Area  
 This study was conducted within the Alipurduar subdivision (APD, 2722.01 km2) 
and the Jaldapara Wildlife Sanctuary (Jaldapara, 216.51 km2), located within the Eastern 
Terai. The Brahmaputra Floodplain, popularly known as the Eastern Terai, is a fragmented 
landscape with a mosaic of grassland, forest, and woodland existing within an anthropogenic 
matrix of crop fields, human settlement, and tea estates. The protected areas within the 
landscape are home for various endangered and threatened species; e.g., tiger (Panthera tigris), 
Asiatic one horned rhino (Rhinoceros unicornis), elephant (Elephus maximus), and Gaur (Bos 
gauras), and hence the area is highly significant for retaining the biodiversity and conservation 
of the region.  Both study areas fall within the Lower Gangetic Plain bio-geographical zone 
(Rodger and others 2000).  
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 Alipurduar sub-division is located between 26029’09”N and 26051’46”N latitude and 
89005’37”E and 89054’24”E longitude within the Jalpaiguri district of West Bengal, India. It is 
a social, political, and ecological representative of the mosaic Eastern Terai landscape and 
the ‘Dooars’ region.  Alipurduar was the landscape extent of investigation (Fig. 6.1).  It is 
characterized by a sub-tropical and humid climate with an average annual rainfall of 
3736mm, and a temperature maximum and minimum of 370C and 60C, respectively. 
Elevation of the region varies from 150 to 350m above mean sea level. It receives heavy 
rainfall during the monsoon season which causes annual flooding.  Most of the forest found 
within the region falls under either Tropical semi-evergreen, Tropical moist deciduous or 
Tropical dry deciduous forest types (Champion and Seth 1968). The Buxa Tiger Reserve and 
the Jaldapara Wildlife Sanctuary are two of the most protected forests within the region known 
for the remnant population of Tiger and Elephants. Salkumar, Khair Bari, Chilapata, 
Mendabari, Kodalbasti, Titi, Bhutri, Bhalaka, Raidak, Dhumpara and Dhumchi are some of the 
remaining reserve forest found within the matrix of cropland and tea estates. The forests in 
the foothills are mostly comprised of Sal (Shorea robusta) as the dominant species with its 
associates such as Schimia wallichi, Terminalia tomentosa, Chukrassia tubularis, Lagerstomia 
pariviflora and Amoora species. The riverine forests found along the river courses are primarily 
composed of Dalbergia sissoo and Acacia catechu, and tall grasses dominated by Saccaharum 
spontenum, S. narenga, and S arundecium.  The lower foothill forests also have Sal as the 
dominant species with Cedrela toona, Bombax ceiba, Ailanthus grandis, Gmelina arborea, 
Anthosephalus cadamba, and Pinus longifolia as the associated species.  Quercas, Castanopsis, 
Machilus, and Magnolia are some of the major species occurring in the upper hills. It has been 
known for its tea, forest, timber, and wildlife resources since the colonial period. Tea has 
been the only industry since 1874.  In spite of the historical existence of the flourishing tea 
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industry, most of the area is rural and poor with forest, tea, village settlements with 
cultivated and uncultivated land being the primary land use types. Lack of education and 
literacy, high poverty, unemployment, deforestation, land encroachment, mining, flooding, 
siltation, river shifting, high water pollution due to tea plantation and social unrest are the 
major social and ecological problems common to the Eastern Terai.   
 The Jaldapara Wildlife Sanctuary (Jaldapara) is a protected park within the Eastern 
Terai located between 25058’ N and 27045’ N latitude and 89005’ E and 89055’E longitude. It is 
located within the Alipurduar sub-division and was the local extent of investigation of 
landscape dynamics (Fig. 6.1). The sanctuary contains the largest tract of tall moist alluvial 
grassland and provides refuge to many grassland specialist species (e.g., hog deer, rhino, and 
hispid hare.)  It also had sizeable population of ‘Bengal Florican’ until its last sighting in 1995 
(Kumar 1998).  The grasslands found within the park fall under low Alluvium Savanna 
Woodland and Easter Alluvial grassland classification as defined by Champion and Seth 
(1968).  The climate of the park is humid with annual rainfall of more than 2000mm 
(Sudhaker and others 1996). The soil types within the sanctuary are alluvial with coarse 
gravel near the hilly northwest fringes and sandy clay to loam in the southern part of the 
park.  The topography is mainly flat except in the Northwest. Elevation varies from 150 to 
600m above sea level. The Torsa is the main river flowing through the sanctuary. The 
vegetation of the sanctuary is generally of mixed composition with Shorea robusta as the 
dominant species associated with Schima, Chukrassa, Amoora species. The riverine forest 
existing along the river courses mostly consists of Acacia catechu and species of Lagerstomia, 
Albizzia, Gmelina, Salmilia, Wrightia and Dalbergia sissoo associated with tall grasses.  
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Methods 
Data sources and research method 
 The data (Table 6.1) used in this research was derived from five satellite images 
spanning 28 years (1978, 1990, 2001, 2004, and 2006). Biswas et al. (in preparation) provides 
detailed account of data calibration, classification and accuracy testing of the most recent 
(2006) and historical imageries (1978, 1990, 2001, and 2004). Dense Forest, Secondary 
Forest, Degraded Forest, Grassland, Woodland, River, and Riverbed were the broad natural 
land cover types while Tea Estates (Tea), Cropland (Crop) and Village grasslands (village 
land) were the broad anthropogenic land cover types identified (Table 6.2) within both the 
study extents. Though tea, crop, and village land were primarily land use types, for ease of 
analysis and interpretation they were all considered as different land cover types. Land cover 
maps obtained for the five time periods (1978, 1990, 2001, 2004 and 2006) (Biswas et al., in 
preparation) were the final products (Fig. 6.2 and Fig. 6.3) used to measure landscape and 
class level matrices across both extents for each year using Fragstat 3.3.  
Landscape and class metrics 
 The indices used to evaluate change through time were chosen based on their ability 
to provide insight on the changing conditions of the landscape mosaic and their ecological 
significance (Table 6.3). Landscape composition, configuration and texture are the 
fundamental characteristics of landscape patterns measured through these indices. Both 
landscape and class level (McGarigal and others 2002) metrics were used to measure the 
change in the landscape mosaic within the Eastern Terai. They provide an understanding of 
landscape structure, configuration and habitat fragmentation. Class level metrics are integrated 
over all patches of a given type (Class). They are used to determine the distribution and 
structure of each class within the landscape and are interpreted as fragmentation indices. 
 
 
 195 
Landscape level metrics are integrated across all patch types or classes for the entire landscape. 
It provides an understanding of the pattern of change in the composition and configuration 
of the entire landscape.  
 Mean patch size (MPS), Patch density (PD), Normalized Landscape Shape Index 
(NLSI), Contiguity, Proximity, Contrast Weighted Edge Density (CWED), Contagion and 
Diversity indices are some of the metrics measured in this study. These metrics provide 
information on many ecologically relevant parameters necessary for maintaining the diversity 
within the region. For example, MPS on species abundance and richness (Diaz and others 
2000; Dardanelli and others 2006); Edge effect on forest structure and composition (Harper 
and others 2005; McDonald and Urban 2006; Broadbent and others 2008); Patch density, 
Proximity and Contiguity for distribution of meta-populations within a landscape (Gilpin 
and Hanski 1991; Gorresen and Willig 2004) or co-existence of predator-prey in competitive 
systems (Howard and others 2001; Vergara and Hahn 2009); Patch shape and Contiguity for 
influencing inter-patch process, for instance, migration in small mammals (Buechner 1989), 
woody plant colonization (Hardt and Forman 1989), and animal foraging strategies (Forman 
and Gordan 1986). 
 A degree of correlation between these indices is expected since all spatial metrics are 
derived from the same basic parameters: patch size, shape, perimeter-area ratio and inter-
patch distance (Li and Reynold 1993, 1995). MPS, PD, NLSI, Contiguity, Proximity, CWED, 
Contagion, and SHEI were the landscape level metrics; while PLAND, MPS, PD, NLSI, 
Contiguity, Proximity, CWED, and Clump were the class level metrics used to measure 
different attributes of fragmentation within both the extents. Clump is referred to as 
Contagion at landscape level since it quantifies both aggregation and their distribution.  
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 The area metrics (PLAND, MPS, PD, LPI) provided insight on landscape 
composition and configuration; MPS facilitated a comparison between the different study 
areas, PD facilitated comparison within a study extent and a specific land cover class; 
PLAND and LPI provided a simple measure of dominance within the class and landscape 
level respectively; NLSI, a shape index measured if patches became more convoluted or 
simplified geometrically with time; Contiguity measured connectedness among large patches; 
The proximity index measured the extent of patch isolation between the two study sites and 
within the corresponding land cover type; The contrast metric measured edge effect; 
Contagion measured landscape texture and dispersion / clumpiness within the landscape; 
Shannon evenness metrics (SHEI) measured the homogeneity or heterogeneity of the 
landscape.  
Analysis  
 A one-tailed Wilcoxon Rank Test (Sokal and Rohlf 1981) was used to examine if the 
landscape metrics differed significantly during the study period and between the spatial 
extents. Results are reported for only those land cover types that are ecologically relevant for 
the faunal diversity, or for judging the consequence of disturbance (natural and 
anthropogenic) within both landscapes.  Results are reported as metric values or their means, 
wherever applicable, and their coefficient of variation (CV). Greater CV indicates less 
uniformity in pattern either at the landscape or class level. Trend analysis of these spatial 
metrics, provided an insight on the temporal variation of fragmentation during the 28-year 
study period within Jaldapara and Alipurduar. 
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Results  
Change in landscape dynamics at the landscape 
level between Alipurduar and Jaldapara  
 Mean Patch Size (MPS) at the landscape level was highest in 1978 (Jaldapara - 12.9 
ha; Alipurduar - 10.7ha) and lowest in 1990 (Jaldapara - 9.2 ha; Alipurduar - 8.9ha) (Fig. 6.4a) 
within both extents.  MPS was consistently larger within Jaldapara than Alipurduar (p =0.04). 
MPS increased consistently after 1990 within both study extents.  The CV in MPS within 
Alipurduar was significantly higher than Jaldapara (Fig. 6.4b). Thus, Jaldapara was less 
fragmented than Alipurduar.  
 Patch Density (PD) was highest in 1990 (Jaldapara - 4.0 patches/ha; Alipurduar - 7.3 
patches/ha) and lowest in 1978 (Jaldapara - 2.8 patches/ha; Alipurduar - 6 patches /ha). PD 
within Alipurduar was significantly larger than Jaldapara (p = 0.007). PD increased from 
1978 to 1990 and decreased consistently through 2006. The pattern was consistent within 
both study extents (Fig. 6.4c).  MPS and PD were inversely related but still we used both 
because, MPS provides information on basic habitable area within the landscape, while PD 
provides an assessment of number of patches. PD increased as MPS decreased during the 
study period within both the extents. Using the Large Patch Index (LPI), we found that 
approximately 10% of the Jaldapara was occupied by larger patches while 5% of the 
Alipurduar was occupied by larger patches. LPI decreased in both study areas after 2004. (p 
= 0.04) (Fig. 6.4d).  
 The Normalized Landscape Shape Index (NLSI) inside Jaldapara was significantly 
smaller than Alipurduar (Fig. 6.4e) and the variation was significant (p = 0.07). Lower NLSI 
indicates a lower number of patches and patches with simpler shapes. Thus, patches within 
Alipurduar were significantly more complex and irregular in shape than Jaldapara.  
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 Contiguity of patches was similar within both study areas (Fig. 6.4f) and the 
connectedness among the patches increased significantly from 1978 to 2006 within both 
study areas.  The CV of Contiguity changed considerably within Jaldapara as compared to 
the Alipurduar (Fig. 6.4g).  
 Proximity at the landscape level quantifies degree of fragmentation and patch 
isolation. Fragmentation and patch isolation within Alipurduar was higher than Jaldapara 
(Fig. 6.4h) and the variation was significant (p =0.007). Proximity varied considerably (CV) 
across the study period for both study areas (Fig. 6.4i).   
 The contrast in edge (CWED) was significantly (p = 0.007) higher within Alipurduar 
as compared to Jaldapara (Fig. 6.4j).  CWED increased significantly across time within 
Alipurduar (30m /ha in 1978 to 38m/ha in 2006) and decreased within Jaldapara (16m/ha in 
1978 to 11m/ha in 2006). A higher CWED corresponds to a higher amount of edge between 
non-similar patches.  
 Contagion within Jaldapara was significantly higher than Alipurduar (p = 0.007) (Fig. 
6.4k) and decreased in both study areas from 1978 to 2006.  Higher contagion within 
Jaldapara corresponds to the presence of few large, contiguous patches, whereas the lower 
values within Alipurduar meant the occurrence of many small and dispersed patches.  
Further, large patches of simple geometry have higher contagion than large patches of 
complex geometry. Different types of patches were more dispersed within Alipurduar than 
within Jaldapara indicating more fragmentation and isolation within Alipurduar. The overall 
declining trend of contagion from 1978 to 2006 suggests an increase in dispersion and 
intermixing of small patches.  
 The Shannon evenness index (SHEI) suggested a more even distribution of land 
cover types within Alipurduar than Jaldapara (p = 0.079) (Fig. 6.4l). Evenness increased 
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from 1978 to 2001, and then remained stable within Alipurduar. Evenness within Jaldapara 
increased at every period (Fig. 6.4l). As the evenness in the landscape increases, the 
probability that any two cells selected at random will belong to different patch types also 
increases. This index indicates an increase of heterogeneity within Jaldapara and 
homogeneity within Alipurduar.  
Change in landscape dynamics at the class level  
between Alipurduar and Jaldapara   
 Figures 6.5 (PLAND, MPS, PD, LPI) and 6 (NLSI, Proximity, CWED, Clump) 
compares the temporal trends in spatial matrices of fragmentation by class between 
Alipurduar and Jaldapara.  
(a) Percent land composition (PLAND) indicated that Alipurduar was dominated by 
dense forest until 2001 and by crop after 2001 (Fig. 6.5a). Dense forest decreased from 25% 
in 1978 to 15% in 2006, while crop increased to 20% in 2006. Tea was the next dominant 
land cover type and area under tea increased consistently since 1978 (2% in 1978 to 9% in 
2006). River, village land, grassland, woodland, secondary and degraded forest were relatively 
rare classes (<2% area); area under village land and degraded forest increased by 2% and 4%, 
respectively while grassland decreased consistently since 1978. 
 Unlike Alipurduar, dense forest was the dominant class within Jaldapara followed by 
grassland and riverbed (Fig. 6.5b). The pattern was consistent until 2006, though area under 
dense forest decreased from ~20% in 1978 to 15% in 2006. Area under grassland decreased 
rapidly until 2001 with a gradual recovery after 2001. Area under secondary forest and 
riverbed increased consistently from less than 2% to approx 5% by 2006. Despite the small 
gain in area under degraded forest (2%), village land, crop, tea, and degraded forest remained 
as the rare classes inside Jaldapara. 
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(b) Mean Patch Size (MPS) of dense forest, crop, riverbed, and tea was considerably 
higher than other land cover types within Alipurduar (Fig. 6.5a), and showed distinct 
temporal trends. Though MPS of dense forest decreased by 30ha (~62 ha 1978 to ~30ha 
2006) and crop by 5ha (42ha 1978 to 34ha 2006) the later had larger MPS after 1990. MPS of 
tea in 1978 and 1990 was considerably higher than 2001, 2004, and 2006. MPS of tea 
decreased from 20ha in 1978 to 10ha in 2006; MPS of rarer types like grassland, woodland, 
village land, degraded forest, secondary forest, and river ranged between 2ha to 6ha. Except 
for degraded forest, MPS of most rare classes increased during the study period. CV in MPS 
of dense forest, village land, degraded forest and tea was higher within Alipurduar; than 
Jaldapara. CV in MPS of crop and grassland was low across both study extents. 
 Inside Jaldapara MPS (Fig. 6.5b) of dense forest and grassland was larger than other 
land cover types within Jaldapara as compared to Alipurduar. MPS of dense forest (~ 80 ha) 
and riverbed (~30ha) was considerably higher than other land cover classes within Jaldapara.  
MPS of dense forest decreased while riverbed increased by 30ha from 1978 to 2006; 
grassland and degraded forest decreased by ~15ha and ~3ha, respectively until 2001, with 
the recovery of grassland (~12ha) by 2006. MPS of dense forest, grassland, riverbed and 
secondary forest inside the Jaldapara study area was larger than the Alipurduar; while MPS of 
degraded forest, tea, crop, and village land was larger within Alipurduar than Jaldapara.  
 (c) Patch density (PD) of degraded forest, tea, crop, and village land increased 
considerably within Alipurduar (Fig. 6.5a) as compared to Jaldapara (Fig. 6.5b) from 1978 to 
2006. PD of grassland and village land was relatively higher than other land cover types until 
1990 within Alipurduar. Post 1990, however, PD of grassland decreased drastically. PD of 
dense forest also decreased over time within Alipurduar. Higher PD indicates more patches 
within the land cover type, indicating higher fragmentation. Increased PD of degraded forest 
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and the anthropogenic land cover types (crop, tea and village land) suggest increased 
fragmentation of anthropogenic classes as opposed to natural land cover types. Decrease in 
PD in addition to decline on PLAND, indicates loss of number of patches and increased 
contiguity within the remnant land cover type, suggesting that remnant dense forest and 
grassland remained more connected than other land cover types. 
 PD of land cover types inside the Jaldapara was lower than outside (Alipurduar). PD 
of grassland was higher than dense forest and other land cover types, while PD of degraded 
forest increased over time. Thus within Jaldapara grassland was more fragmented than dense 
forest. PD of riverbed decreased considerably within Jaldapara as compared to Alipurduar, 
indicating that riverbed inside Jaldapara was more contiguous. Except for the evident 
variation in PD of riverbed and degraded forest, PD of other land cover types remained 
consistent inside the park. 
(d) Largest Patch Index (LPI) within both study areas, dense forest had the largest patch 
indicating it to be the dominant land cover type though it decreased considerably from 1978 
to 2006. LPI provides an index of large intact patches. A decline in LPI indicates smaller 
fragments of the patches and a decline in mean patch size (MPS) (Fig. 6.5). Crop, tea, and 
riverbed had higher LPI within Alipurduar; while riverbed and grassland were the land cover 
classes with higher LPI within Jaldapara. Though crop and tea became the dominant land 
cover type, they occurred in small patches. Higher LPI of dense forest indicated the presence 
of large unfragmented patches of dense forest, while that of grassland, riverbed and 
degraded forest were only found within the Jaldapara. 
(e) Normalized Landscape Shape Index (NLSI) also indicated that dense forest within 
Alipurduar was maximally compact with simplest geometric shape followed by crop and tea 
while grassland, woodland, secondary forest, village land, and degraded forest were most 
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disaggregated (Fig. 6.6). Disaggregated patches have a complex geometric shape compared to 
aggregated patches. NLSI increases as the land cover or patch type becomes increasingly 
disaggregated and approaches 1 when the patch type is maximally disaggregated. Dense 
forest, riverbed, and grassland were more aggregated within Jaldapara than Alipurduar. Crop, 
degraded forest, village land, tea, and woodland were more disaggregated within Jaldapara 
than Alipurduar. Dense forest had lowest NLSI hence was most aggregated compared to 
other land cover types within both study extents.  
(f) Proximity of crop was significantly higher than any other land cover type within 
Alipurduar (Fig. 6.6a) followed by dense forest, tea and riverbed. Thus indicating crop to be 
most connected and least fragmented. Proximity in the following classes decreased over time 
indicating their increasing fragmentation. With the exception of grassland, proximity of other 
land cover types was greater within Alipurduar as compared to Jaldapara. Proximity of 
grassland decreased drastically until 1990, but increased in 2006. 
 Inside Jaldapara, proximity of dense forest was highest, followed by riverbed and 
grassland (Fig. 6.6b). Proximity of grassland was highest (104.2) in 1978 and eventually 
decreased to 55.3 by 2006. There were considerably more contiguous, large patches of 
grassland, dense forest and riverbed within Jaldapara as compared to Alipurduar (Fig. 6.7b).   
(g) Contiguity of dense forest and grassland with large patches was similar for both study 
areas. Crop, tea and village land occurred among larger contiguous patches within Alipurduar 
as compared to Jaldapara. Except for tea and crop whose contiguity increased over time 
within both areas, the overall pattern of contiguity did not seem to differ much by land cover 
type. Riverbed within Jaldapara had highest contiguity while crop had lowest contiguity. 
Thus within Jaldapara, riverbed was most contiguous while crop and tea was least 
contiguous.  
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 (h) Contrast in Edge Density (CWED) was highest in crop followed by village land and 
tea within Alipurduar (Fig. 6.6a) and dense forest followed by grassland and woodland 
within Jaldapara (Fig. 6.6b). Higher CWED for a patch indicates a higher contrast with its 
neighbour, indicating their occurrence in a heterogeneous matrix. Unlike Alipurduar, CWED 
of land cover types within Jaldapara decreased over time, except in degraded forest. 
Increased CWED in the anthropogenic classes from 1978 to 2006 suggest an increase of a 
heterogeneous matrix.  Lack of any variability of CWED in dense forest and grassland 
between Alipurduar and Jaldapara, indicates their occurrence in a more homogenous matrix 
within both landscapes.  
(j) CLUMP is the measure of spatial aggregation of patches without reference to 
interspersion. Within both study extents, dense forest was most clumped (Fig. 6.6) followed 
by tea, crop, and riverbed within Alipurduar and riverbed and grassland inside Jaldapara. The 
Clump Index increased in crop, degraded forest, grassland, dense forest within Jaldapara, 
with the highest increase in crop. Thus within both study areas, dense forest was poorly 
interspersed; grassland was more interspersed within Alipurduar as compared to Jaldapara; 
tea and crop were poorly interspersed within Alipurduar; degraded and secondary forest 
were equally interspersed within both study areas.   
Discussion  
This analysis provided evidence of more fragmentation within the larger extent 
(Alipurduar) than the protected area (Jaldapara). PLAND, PD, MPS, LPI, Proximity and 
Clump provided unique information on the spatial pattern of fragmentation at class level; 
CWED, Contiguity, and SHEI provided additional information on the spatial nature of 
fragmentation of the entire mosaic. NLSI supported the results of PD and MPS; CWED at 
the class level provided additional support for CLUMP. Contiguity seems to contain more 
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useful information at the landscape level than at the class level since it determines mobility 
within the mosaic. However how much of the area is actually available is provided by 
measurement of proximity by each class. Thus a combination of these indices can provide 
adequate information on the spatial pattern of fragmentation within the region, which can be 
used for the management of the entire mosaic or the land cover type of interest. 
 These results suggest that within Alipurduar, there was higher fragmentation within 
anthropogenic classes as opposed to natural land cover types, confirming the domination of 
small crop fields or tea estates within the area. Among natural land cover types, grasslands 
were the most fragmented, while riverbed the least. We found high connectivity and 
aggregation among forest and grassland, increased heterogeneity of the matrix, loss of 
heterogeneity at the landscape level and existence of large isolated patches of dense forest 
within Alipurduar. Increase of PLAND does not translate to increase of MPS of the 
corresponding land cover type. Though crop became the dominant land cover type, the 
mosaic was replaced by smaller patches of crop over time, increasing the heterogeneous 
nature of the mosaic and reducing contiguity of the natural matrix. 
 Fragmentation has been documented as the most common outcome of most land 
cover change detection studies (Lambin and others 2003; Erika and others 2005). It 
promptly furthers habitat loss and conversion (Fahrig 2003). In our study, the rate of 
conversion of natural land cover types to anthropogenic land cover types was slower inside 
the protected area compared to outside. The decline of landscape fragmentation after 2001 
suggested that most of the area within Alipurduar and Jaldapara was more stable during the 
most recent years. However, it does not reduce the risk of further land conversion within 
both the extents. Crop and tea seemed to be emerging as the dominant land cover types 
within Alipurduar, as opposed to the protected area, which retained dense forest as its 
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dominant landcover type until 2006 and is likely to retain the remaining forest in the future. 
Present results indicate loss of dense forest within either study area and homogenization of 
the landscape. It shows isolation of forested patches and decline in connectivity.   
 The consequence of fragmentation within the Alipurduar will lead to an increase of 
smaller, isolated, and fragmented patches of complex geometrical shapes.  This will reduce 
proximity among forested patches and other natural land cover types, thus reducing 
connectivity.  It is likely to affect ecological processes, e.g., the seasonal migration of the 
remnant population of Asian elephants surviving within North Bengal. As fragmentation 
increases, contagion decreased, sub-division increased, patch density increased, and patches 
become more convoluted eventually disrupting ecological function (Saunders and others 
1991). Landscape and class metrics indicate the replacement of a large heterogeneous matrix 
with a homogenous cropland that is not conducive to movement by mega-herbivores.  
Elephants have a large home range and most of their native habitat within the region has 
been replaced by anthropogenic land uses. This trend seems to remain consistent into the 
future. This would translate to increasing elephant-human conflict within the region as 
already reported by Venkataraman and others (2005). Food from crop raiding contributes 
significantly to the diet of Asian elephant population found within the region, particularly 
during the dry season. Lack of forage within the forests, and easy access to more nutritious 
food from the crop fields are possibly the primary reasons for such patterns. Other than 
Asian Elephants, most of the wild animals endemic to the region are confined within the 
remaining forested patches and are less likely to be affected by fragmentation. Thus, as long 
as the grasslands within the park are maintained, the future of non-migrating species found 
within the region is protected. 
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 Unlike most studies conducted either within the protected area or within the 
surrounding region, simultaneous examination of landscape dynamics within both provided 
insight on the potential drivers of change within the region and the need to address them 
with more focused and direct efforts. Unless current conservation and management 
strategies within the region address the need to manage the entire landscape mosaic, current 
fragmentation patterns suggest the homogenization of the landscape to an anthropogenic 
land use type that is likely to have more damaging ecological consequences in future.  
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Table 6.1 The multi-temporal satellite dataset used during the study 
YEAR Sensor  (path and row) 
Spatial 
Resolution Spectral resolution ( m) 
1978 - Feb 22nd 
EROS data 
Center, Sioux 
Falls, SD. 
Landsat MSS- 2 
148path/41row 
148path/42 row 
60m 
Band 1 (B) 
Band 2 (G) 
Band 3 (R) 
Band 4 (NIR) 
0.49 - 0.52 
0.52 - 0.60 
0.63-0.69 
0.76 - 0.90 
1990 - Nov 24th 
EROS data 
Center, Sioux 
Falls, SD. 
2004 -  Feb 6th 
2006 - Feb 24th 
GISTDA, 
Thailand  
Landsat TM -5  
138path/41row 
138path/42 row 
30m 
Band 1 (B) 
Band 2 (G) 
Band 3 (R) 
Band 4 (NIR) 
Band 5 (MIR) 
0.45 - 0.52 
0.52 - 0.60 
0.63 - 0.69 
0.76 - 0.90 
1.55 - 1.75 
2001 - Nov 20th 
EROS data 
Center, Sioux 
Falls, SD. 
Landsat ETM+ 
138path/41row 
138path/42 row 
30m 
Band 1 (B) 
Band 2 (G) 
Band 3 (R) 
Band 4 (NIR) 
Band 5 (MIR) 
0.45 - 0.52 
0.52 -0.60 
0.63 - 0.69 
0.76 - 0.90 
1.55 - 1.75 
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Table 6.2  Description of the broad land cover/land use types identified 
within the study area. 
Land Cover 
Type 
Description of the prominent land use or land cover identified from 
satellite imageries and verified in field. 
Dense 
Forest 
The dominant ‘Mixed Moist Deciduous Forests’ found within the region 
with dense ground and canopy cover was classified as primary forest 
Secondary 
Forest 
Secondary forests were relatively open with more deciduous species and 
monocultures of different tree plantations. Sal (Shorea robusta) and Teak 
(Tectona grandis) were some of the common species found within the 
secondary forest. 
Degraded 
Forest 
Degraded forests were primarily forested patches that have been 
encroached and felled, had high weed invasion, low ground and canopy 
cover and have been left unattended for a while. Some of the degraded 
forest patches had expansion of crop field within them 
Woodland Grasslands frequently interspersed with primary woody (Dalbergia sissoo, 
Ziziphus sp, Acacia catechu, Bombax sp, Albizia sp, Lagerstomia sp) and shrub 
species (Ziziphus sp, Clerodendrum viscosum, Lantana camara, Randia 
longispina) were classified as woodland 
Grassland Extensive patches of short or tall, coarse or thin grassland without any 
woody trees or shrubs. 
Tea Estates 
(Tea) 
Plantations of tea shrub interspersed with Simul (Bombax sp), Sirish (Albizia 
sp) or other ornamental tree species.  
Village 
Grassland 
(VGL) 
Grasslands with very low grass cover and extensive grazing near the park 
boundaries were defined as bare village grasslands (VGL). For ease of 
analysis human settlement, bare ground, harvested crop field and grazing 
areas outside the reserve forest were merged into village grasslands.  
Cropland 
(Crop) 
Un-harvested active agricultural field with paddy, potato, vegetables or jute 
as the seasonal crop or permanent field of banana, simul and betelnut 
trees. Except paddy and jute fields, some of the crop field had the seasonal 
crop planted within their banana, simul or betelnut plantations.  
River Primary channel of the perennial rivers found within the region  
Riverbed Riverbed was separated from river or grassland by the presence of stone, 
gravel, sand bed, and very low cover of some perennial species of grasses 
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Fig. 6.1 Geographic location of the study area within Eastern Terai, India showing the 
landscape and local study extents along with the primary landuse types and its boundaries. 
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Fig. 6.3 Change in distribution of land cover type within Jaldapara from 1978 to 2006 
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Fig. 6.4 Trends in landscape level metrics within Jaldapara and Alipurduar from 1978 to 
2006 
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CHAPTER 7 
LESSONS LEARNED FROM THE PAST WITHIN THE  
EASTERN TERAI, INDIA 
 
 The focus of this study was to understand the influence of flooding and land cover 
change (LCC) on natural grasslands within the Eastern Terai in northeastern India through 
the use of multitemporal remote sensing technologies. This study provided an evaluation of 
the change; identified the potential drivers of change and projected future trends and 
distribution of land cover types essential for retaining the bio-diversity and unique fauna 
found within this landscape. It is the first study to suggest a methodology to remotely 
monitor the loss of grasslands due to LCC and altered flooding regime.  Results of this study 
provided an evaluation of the current and future distribution of natural grasslands within the 
park and the region.   
 Though vegetation and land cover mapping using remote sensing technology has 
advanced over past decade (Song and others 2001; Coppin and others 2004), its success with 
grassland mapping is very limited. During this study we used remote sensing technology to 
address this void and monitor the effect of flooding on the grasslands in this region. A 
combined effect of the Normalized Derived Vegetation Index (NDVI) (Rouse and others 
1974) and a Normalized Derived Moisture Index (NDMI) (Biswas and Ramsey 2007) 
developed during this study proved very useful in identifying and monitoring these 
grasslands. Given the absence of ground data and challenges with the validation of classified 
images from historical satellite data, these spectral indices provided interesting insights on 
the historical distribution and subsequent loss of these grasslands within the study area. They 
provided a qualitative assessment of grassland loss within the Torsa floodplain and the 
influence of flooding on the distribution of these grasslands. These spectral indices along 
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with the Tassel Cap Transformation (TCT) indices – brightness, greenness and wetness, 
were also found useful in evaluating the accuracy of historical land cover maps. We 
recommend that in areas without historical data on land use and land cover, these indices 
can provide a qualitative assessment of accuracy, essential for conducting change detection 
studies.  
 NDVI and NDMI were found particularly useful in identifying different types of 
grasslands based on location, structure and composition. The tall and dense grasslands 
within the park provide forage and cover for grassland generalist species including the 
Asiatic one horned rhino, elephant, and gaur (Schaller 1967; Spillete 1967; Lehmkhul 1989; 
Maheswaran 2006). The short but dense grasslands within the park, however, provide forage 
to grassland specialist species including hog deer, Bengal florican, and hispid hare (Rahamani 
1996; Biswas and Mathur 2000; Biswas and others 2002; Biswas 2004; Maheswaran 2006).  
Thus, a quantitative assessment of the different types of grasslands based on structure and 
composition will provide the status and future management strategy for these species.  
Regular monitoring of these grasslands through satellite imagery and its derived indices will 
help to project the spatial distribution of grasslands into the future.  
 A second objective of this study was to map and examine the temporal variation of 
broad land cover types within the study area, both inside a protected area, the Jaldapara 
Wildlife Sanctuary and the surrounding landscape, the Alipurduar Subdivition. Grassland, 
Woodland, Secondary forest, Dense forest, Degraded forest, River, Riverbed, Tea, Crop and 
Village Land, were the broad land cover and land use types. Despite anecdotal reports of 
conversion within the Indian Terai (Singh 1965; Atwal and others 1984; Sharma 1991; 
Biswas and others 2002) since the 1970’s, this is the first study to provide a quantified 
assessment of landuse and land cover change occurring within this region. Advances in 
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digital classification (Song and others 2001) and land cover change studies (Coppin and 
others 2004) assisted in the multi-temporal analysis of land cover change from 1978 to 2006.  
 Temporal analysis of change within the Jaldapara Wildlife Sanctuary, provided an 
assessment of landscape changes and the drivers of change within a well protected park of 
the Eastern Terai. Due to its highly protected status, Jaldapara provided an evaluation of 
landscape change due to natural processes – flooding and succession. Though fire, cattle 
grazing and grass cutting were additional disturbances operating inside the park, but at a very 
local scale (Biswas and Mathur 2003). Flooding was found to be the primary driver of 
change within the park. Though succession also contributed to the loss of grassland, 
flooding altered the abundance and spatial distribution of grassland within the park at a 
higher intensity than succession.  
 Temporal analysis of change within Alipurduar provided an assessment of the 
mosaic nature of Eastern Terai, including natural (dense forest, secondary forest, grassland, 
woodland, degraded forest, river and riverbed) and anthropogenic (tea, crop and village land) 
land cover types. This analysis also identified the drivers of change. Results indicate 
anthropogenic disturbance, specifically the expansion of tea estates as the primary driver of 
change at the landscape extent. Our results are in agreement with observations made by 
Nagendra and other (2009) within the surrounding areas around Mahananda Wildlife 
Sanctuary, west of Alipurduar. 
 Temporal analysis of landscape metrics indicated increased fragmentation within 
Alipurduar as compared to Jaldapara. Large contiguous patches of dense forest were 
replaced by smaller patches of crop and, and larger contiguous patches of village land within 
Alipurduar.  Fragmentation of dense forest led to its isolation from nearby forested patches, 
thus affecting connectivity within the landscape. Despite the evident fragmentation, 
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Alipurduar had relatively intact but isolated patches of dense forest and grassland, while 
Jaldapara had intact but contiguous patches of dense forest and grassland.  
 The Markov analysis predicted a decline in the area under dense forest (~15%) and 
an increase of crop (~35%), village land (~15%), and tea (~15%) within Alipurduar as 
opposed to 40% cover of dense forest and 15% of grassland within Jaldapara. Thus the 
projected distribution of land cover type within Jaldapara is expected to remain consistent 
with the current pattern. However, the projected pattern within Alipurduar suggests an 
increase of area under tea, crop and village land. Markov analysis of landscape metrics 
projected an increased fragmentation of the dense forest within Jaldapara. Grassland is 
expected to become more contiguous.  Within Alipurduar, cropland is expected to increase 
and homogenize the landscape. 
  Overall area under grassland within the park remained constant. Unlike forest, 
which takes a longer time to regenerate, grasslands have a higher turn over.  In addition, 
flooding, a natural disturbance occurring within the region helps in maintaining grasslands at 
different successional states.  Thus, unless the flooding regime within the park is altered, the 
Jaldapara Wildlife Sanctuary is likely to provide habitat for the diverse fauna found within it. 
In an independent study conducted east of Alipurduar, within Manas Tiger Reserve, the 
authors (Saram and others 2008) observed decline in alluvial grasslands and increase in 
savanna grasslands, supporting our finding within Jaldapara. 
 The introduction of grassland plantations in 1998 (Pandit and Yadav 1996) to 
support the thriving Rhino population led to a recovery of grasslands inside the park. 
Though the artificial plantations were successful in providing natural grassland habitat for 
the mega-herbivores, it severely affected the smaller grassland specialist species dependent 
on short grasses. Past studies have shown a decline in hog deer (Biswas and others 2002; 
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Biswas 2004) and hispid hare (Maheswaran 2006) population within the park. Given that 
flooding seems to be primary diver of change within the park, artificial flooding or 
management of the water resources and natural river channels within the park will possibly 
provide a natural path for the restoration of these grasslands.  
 Unlike Jaldapara, the restoration of grasslands within Alipurduar needs a different 
approach. Most naturally occurring grasslands within Alipurduar occurred only along main 
river channels within the region.  Thus, succession and natural disturbance from flooding 
seem to be the only possibly path for their recovery.  Though village lands occurring along 
main river channel have a potential of being converted to grassland, such an initiative would 
require the involvement of various stakeholders and policy makers. Such grasslands, 
however, won’t provide refuge to the remaining flagship species of the region due to the 
surrounding land use matrix, however creation of such patches within the landscape can 
provide refuge to other small mammals and birds.  Clearly, conservation of grassland within 
Alipurduar will need a more localized and site specific approach.  
 The rate of loss of natural land cover types was considerably higher within the 
Alipurduar. Historic patterns of land cover transition suggested an expansion of tea estates 
as the primary driver of change. Within Alipurduar, rate of gain of area under tea plantation 
was significantly higher than crop or other land cover types. An increasing amount of area 
under forest and crop where converted to tea estates during the 28-year study period. A 
rapid decline of area under forest between 1978 and 2001 coincides with drastic increase of 
tea plantation within the region post 1990.  
 Secondary data on tea production and yield within the region (Chapter 4) compiled 
from various sources provided a global context to the observed landscape change within 
Alipurduar. Tea estates within Jalpaiguri increased drastically from 200 in 1997 to 550 in 
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1999.  These patterns support our findings.  Indian Tea is one of the most expensive teas 
available in the world, with Jalpaiguri district being the second largest exporter. This possibly 
explains the drive behind an increase in tea plantations within the Alipurduar. Tea 
production did not change significantly during the recent past (2001-2006). This may have 
been caused by a decrease in the export of Indian tea in 2005 due to increased competition 
from other countries (Sri Lanka and Kenya) and an increased demand for organic tea. 
During our field visit in 2006/2007, some of the tea estates were abandoned. Historical 
analysis of land cover transition for the 2001-2006 period also showed a decline in tea 
estates.  Therefore, if the export price of Indian tea recovers, more area will be converted to 
tea estates within the region.  Regardless of the direction the tea industry takes, the landscape 
composition will alter drastically within the Alipurduar. Tea, the only flourishing industry 
within the region survives entirely on underpaid daily labors and a tribal population that 
migrated from surrounding states. Closure of tea estates is likely to redirect the growing 
population of tea workers to other natural resources.  Agriculture is the only other source of 
livelihood within the region. Like any other area, an increase in the human population within 
the region will be followed by an increase in area required for settlement and cultivation. 
Thus, an increase of crop and village land within the region is inevitable.  
 This study clearly indicates an alteration of a forested landscape to anthropogenic 
landscapes. The role of the tea industry in altering this landscape has given some insight into 
a more complex socio/economic problem emerging within the region that may have 
profound effects on the environment. Though some of these issues might not be of 
immediate concern, they are likely to have a direct influence on the bio-diversity of the 
region in near future. Given the lack of any secondary data the extent of information that 
was obtained during this study provides an insight on the potential of remote sensing and 
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GIS technologies to assist in evaluating landscapes in areas with very limited secondary data 
or regular monitoring; and suggest future efficient land use planning. 
References 
Atwal AS, Bains SS, Dhindsa MS (eds.) (1984) Status of wildlife in Punjab. Ecological 
Society of India, New Delhi, India 
Biswas T (2004) Hog deer. In: Ungulates of India K Sankar, SP Goyal (eds.) ENVIS 
Bulletin: Wildlife and Protected Area, Vol. 27 (1). Wildlife Institute of India, 
Dehradun, India 
Biswas T, Mathur VB (2000) A review of the present conservation scenario of hog deer 
(Axis porcinus) in its native range. Indian Forester 126:1068-1084 
Biswas T, Mathur VB (2003) The Grasslands of Jaldapara Wildlife Sanctuary – composition, 
structure and their conservation significance. ENVIS Bulletin - Grassland 
Ecosystems and Agroforestry.1:29-47 
Biswas T, Mathur VB, Sawarkar VB (2002) A report on the current status and distribution of 
hog deer (Axis porcinus) in India. Survey report submitted to Wildlife Institute of 
India, Dehradun, India 
Biswas T, Ramsey RD (2007) Analysis of the changing floodplain of the Torsa River, India, 
Paper presented at ASPR Annual conference 2007, Tampa, FL 
Coppin P, Jonckheere I, Nackaerts K, Muys B, Lambin E (2004) Digital change detection 
methods in ecosystems monitoring: a review. International Journal of Remote 
Sensing 25:1565-1596 
Lehmkuhl JF (1989) The ecology of a south-Asian tall grass community. PhD Dissertation. 
University of Washington, Seattle, USA.  
 
228 
Maheswaran G (2006) Ecology and conservation of the endangered hispid hare Caprolagus 
hispidus in Jaldapara Wildlife Sanctuary, West Bengal, India. Journal of Bombay 
Natural History Society 103:191-201 
Nagendra H, Paul S, Pareeth S, Dutta S (2009) Landscape of protection: forest change and 
fragmentation in northern West Bengal, India. Environmental Management DOI 
10.1007/s00267-009-9374-9 
Pandit PK, Yadav VK (1996) Management plan of Jaldapara Wildlife Sanctuary, West 
Bengal. Tiger Paper 23:1-5 
Rahamani AR (1996) Present status of the Bengal Florican (Hoburapsis begalinsis) in Dudhwa 
Tiger Reserve. Unpublished Mimegraphed Report, Centre of Wildlife and 
Ornithology, Aligarh Muslim University, India 
Rouse JW, Haas RH, Schell JA, Deering DW (1974) Monitoring vegetation systems in the 
great plains with ERTS. Proceedings, Third Earth Resources Technology Satellite-1 
Symposium, Greenbelt: NASA SP-351, 3010-317 
Sarma PK., Lahkar BP, Ghosh S, Rabha A, Das  JP, Nath NK, Dey S, Brahma N (2008). 
Land use and land cover change and future implication analysis in Manas National 
Park, India using multi-temporal satellite data. Current Science 95:223-227  
Schaller GB (1967) The deer and tiger The University of Chicago Press, Chicago, USA 
Sharma SC (1991) Landuse survey in Tarai tract: A study of Eastern Uttar Pradesh. Concept 
Publication Co., New Delhi, India 
Singh LR (1965) The Terai region of U.P.: A study in human geology Ram Narayan Lal Beni 
Prasad Publishers, Allahabad, India 
 229 
Song C, Woodcock CE, Seto KC, Lenny MP, Macomber SA (2001) Classification and 
change detection using Landsat TM data: when and how to correct atmospheric 
effects? Remote Sensing of Environment 75:230-244 
Spillete JJ (1967) A report on wildlife survey in north India and southern Nepal. January – 
June, 1966. Journal of Bombay Natural History Society 63:492 – 628 
  
230 
Tanushree Biswas, Ph.D 
5230 Old Main Hill  
Utah State University 
Logan, UT 84321 
tanu.biswas@gmail.com 
OBJECTIVE  
To seek a post doctoral position with Geo-spatial and Remote Sensing Application 
in Natural Resource Management, Landscape Change and Sustainable 
Development. 
EDUCATION 
Doctor of Philosophy (Ecology)                                                               Feb 2010 
Utah State University, Logan, UT                                                                               
Thesis Title – A spatio-temporal analysis of landscape change within the Eastern 
Terai, India: linking grassland and forest loss to changes in river course and land 
use. GPA 3.88/4.0 
Master of Science (Wildlife Science)                                                        Aug 1999 
Wildlife Institute of India, Dehradun, India                                                                   
Thesis title - "'Habitat Utilization by Hog deer (Axis porcinus) in relation to other 
sympatric species at Jaldapara Wildlife Sanctuary, India." 
Bachelor of Science (Zoology (Honors))                                                 Aug 1997 
Bethune College for Women, Calcutta, India                                                                  
EXPERIENCE 
Remote Sensing Technical Specialist 
Red Castle Resources, Salt Lake City, UT                                            Mar 2010- 
present 
Assist USFS – RSAC with vegetation mapping, monitoring 
and change 
Graduate Research Assistant 
Utah State University, Logan, UT                                                Aug 2003 – Dec 2009 
Research, Analysis, Manuscript and Grant writing, Field Work  
toward PhD dissertation Project - "A spatio- temporal analysis  
of landscape change within Eastern Terai, India”.  
Website and Database Manager 
Utah State University, Logan, UT                                                       May - Aug 2009 
Maintaining the database for Wildlife Crossings Project,  
Cooperative Research Division, Utah State University, USA 
Research Assistant 
Wildlife Institute of India, Dehradun, India                                       Jan 2000 - Jun 2003 
Assist in multiple projects directed towards conservation 
 
Technical Assistant (Jan - June 2003). Developing methodologies to differentiate 
between ungulate antlers's using morphometric measurements. 
Research Personnel (2000 -2002). Evaluate the current distribution and status of 
hog deer (Axis porcinus) in India. 
Research Assistant (2001 - 2002). Status and distribution of hog deer (Axis porcinus) 
in the duars-analyzing a changing landscape, Indian Institute of Remote Sensing, 
Dehradun, India. 
  
231 
TEACHING 
Spring 2008 (LE6710) "Landscape Ecology: Land cover change module" 
Fall 2007 (RS6750) "Applied Remote Sensing" 
RESEARCH GRANTS 
2008 Graduate Research Award, Ecology Center, USU, USA 
2008 Graduate Research Grant, NASA-IRDIAC USU, USA 
2007 National Geographic Grant for research in Eastern Himalayas, ATREE, India 
2006 Research Grant from Ford Foundation IFP, USA 
2000 Research Grant from Wildlife Institute of India, Dehradun, India. 
SCHOLARSHIPS 
2009-2010 Dissertation Fellowship; Theodore W. Daniel Scholarship, Women 
Center;  NASA-IRDIAC Grant, Utat State University (USU), USA. 
2008 (Jan -Dec) Janet Quinney Lawson Fellowship, Utah State University, USA. 
2007 (Summer and Fall) Ecology Center Stipend, Utah State University, USA. 
2006 - 2007 - Janet Quinney Lawson Fellowship, Utah State University, USU. 
2003 - 2006 Ford Fellow, Ford Foundation International Fellowship Program. 
1997 - 1999 National Wildlife Fellowship, Wildlife Institute of India, Dehradun. 
AWARDS 
2006 NASA- MSU Professional Enhancement Award at 21st US-IALE, CA, USA. 
2005 Recognized by the leading national magazine among the top 30 people to 
contribute towards a changed India 'Wild at heart' In Born Winner: 30 India Today, 
30th Issue, Dec 2005. 
CERTIFICATE COURSE AND WORKSHOPS ATTENDED 
2008 Image Classification Techniques for the development of Accurate, detailed, 
quantitative Land cover data, ASPRS, FL. 
2007 Making SAR accessible - Identifying Geospatial Solutions, ASPRS 
2006 ESRI Certificate course in Introduction to ArcGIS-I, USU, UT 
2006 Introduction to Fragstats 2.0, US-IALE, CA 
2000 Certificate course in Application of GIS in Forestry, Indian Institute of 
Remote Sensing, India. 
PUBLICATION 
Peer reviewed 
Biswas T (2004). Hog Deer pp 61 - 78. In : K. Sankar and S.P. Goyal (eds.) 
Ungulates of India. ENVIS Bulletin: Wildlife and Protected Area, Vol. 27 (1). 
Wildlife Institute of India, Dehradun, India. Pp 448. 
Biswas, T and V. B. Mathur (2003). The Grasslands of Jaldapara Wildlife Sanctuary 
- Composition, Structure and their Conservation Significance. ENVIS Bulletin - 
Grassland Ecosystems and Agroforestry.Vol.1(1). 
Biswas, T. and V.B., Mathur (2000). A review of the present conservation scenario 
of hog deer (Axis porcinus) in its native range. Indian Forester Vol.126 (10) 
Biswas, T., V.B., Mathur, and V.B, Sawarkar (1999). Habitat Utilization by Hog 
deer (Axis Porcinus) in relation to other sympatric species at Jaldapara Wildlife 
Sanctuary'. Abstract published in Deer News Letter October No.3 Vol.(15) 
  
232 
Conference papers 
Biswas, T, D. Ramsey, and J. Bissonette (2009). Lessons learned from the past 
within Eastern Terai, India. 2009 AAG GPRM Conference, 25th - 26th Sept, 2009, 
Logan, Utah. 
Biswas, T, D. Ramsey, J. Symanzik and J. Bissonette (2009). 'A Spatio-temporal 
analysis of the loss of grasslands within the Jaldapara Wildlife Sanctuary, India, 
projected for different time periods'. 24th US-IALE 12th -16th April 2009, 
Snowbird, Utah. 
Biswas, T and D.Ramsey (2008). States and Transition Model - From Rangeland to 
Land Cover Change Monitoring, ASPRS Annual Conference, Portland, OR, 2008. 
Biswas, T and D.Ramsey (2007). Analysis of the changing floodplain of the Torsa 
river, India. ASPRS Annual Conference, Tampa FL, 2007. 
Biswas, T and D. Ramsey (2006). Evidences of the altered flooding regime within 
the Torsa floodplain, India Presented at the 26th ESRI International User 
Conference, 6th - 12th August at San Diego, CA. 
Biswas, T and D. Ramsey (2006). Examining the Eastern Terai: a mosaic landscape, 
India. Presented at the 21st USIALE meeting at San Diego, CA 
Biswas, T. (2004).The Tall Moist Alluvial Grasslands of the Indo-Gangetic and 
Brahmaputra Floodplain: A Threatened Ecosystem. Abstract of the paper 
presented at the Indian Symposium, Utah State University. Nov 9th 2004 
Biswas, T and S, Singh (2002). Analyzing a changing landscape - terai grasslands. 
Abstract of the paper presented at the 17th International Symposium on Landscape 
Ecology, from April 23rd - 28th, 2002 at University of Nebraska, Lincoln, US. 
Biswas, T. (2002) Abstract of paper presented at the 17th International Symposium 
on Landscape Ecology, from April 23rd- 28th 2002, at University of Nebraska, 
Lincoln, US. 
Biswas, T. and V.B. Mathur (2000). Survey of the status and distribution of hog 
deer (Axis porcinus) in India - a proposal. Presented at the Annual Research 
Seminar 2000, Wildlife Institute of India, Dehradun. 
Biswas, T. (2000). Conservation of hog deer and its habitat in Jaldapara Wildlife 
Sanctuary, India. Abstract of papers presented at 'First Students Conservation 
Science Conference', Department of Zoology, University of Cambridge, UK March 
28-30th, 2000. 
 
